HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL AND APPLIED SCIENCES
Optoelectronics Research Centre

Integrated Microlenses and Multimode
Interference Devices for Microflow

Cytometers
by

Hamish Cunha Hunt

Thesis for the degree of Doctor of Philosophy

December 2010


http://www.soton.ac.uk
http://www.engineering.soton.ac.uk
http://www.orc.soton.ac.uk




UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

INTEGRATED MICROLENSES AND MULTIMODE ITERFERENCE DEVICES
FOR MICROFLOW CYTOMETERS

by Hamish Cunha Hunt

The convergence of microfabrication technologies, novel materials systems, and tech-
niques for chemical and biochemical analysis is enabling the realisation of lab-on-a-chip
technology. Products incorporating such technologies are expected to find widespread
use, for example in personal medicine, food safety, water management and security.
This research is driven by the demand for fast, low-cost, small, and automated chemical
analysis using minimal sample and reagent volumes, in a multiplicity of applications
including interrogation of individual particles such as biological cells or molecules by

uflow cytometry.

Several promising optical detection methods are still in their infancy in terms of
integration on to a single chip and improvements can be made to existing integrated
methods. Manipulation of a free optical beam in microfluidic channels is identified as
a major need to be able to realise more complex pflow cytometry detection systems.
To achieve this, the integrated optics requires substantial advances. The approach in
this thesis was to produce a microfluidic device with improved integrated optics, pri-
marily for fluorescence and scattering particle detection, which can provide a platform
from which to build more complex fully automated optical detection devices not yet
realised. To manipulate the free beam, optical components such as waveguide lenses,
both refractive and diffractive, were analytically designed and numerically simulated.
An alternative device, the multimode interference device (MMI), which makes use of
the self-imaging phenomenon in multimode waveguides, was also studied due to its less
stringent fabrication tolerances. Optical components including channel waveguides, to
route light on chip, were realised and integrated with microfluidic channels with a fab-
rication comprising a two-mask process developed in silica-based glass to integrate both
optics and microfluidics on to a single chip. Spotsizes as low as 5.6 um for paraxial
kinoform lenses and 2.6 ym for MMIs have been measured at foci as far as 29.2 ym and
56.0 pm in a microfluidic channel. These devices pave the way to the full integration of

more robust and complex microfluidic pflow cytometers.
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Chapter 1

Introduction

1.1 Integrated Optics and Microfluidics

Integrated optics has become a field of important technology, especially for optical
telecommunications. It has scaled down bulk optical components allowing for signal
processing to be performed on-chip to drive down costs and increase system function-
ality. Integrated optics allows the construction of optical circuits in or on planar sub-
strates, guiding and processing light in dielectric thin films of elevated refractive index
with structures defined using photolithography. Integrated optics has led to reducing
light loss by having fewer optical interfaces, reducing the distances between components,
and improving coupling and alignments between components. Since the components are
fabricated on a single chip, there is an improvement to the temperature uniformity of
the system and mechanical stability, meaning a decrease in variation in the optical prop-
erties (i.e. refractive index) of components resulting in increased optical stability and

the reduction of noise.

Microfluidics is the study in behaviour of fluids at the microscale. It is also concerned
with the design of systems in which such small volumes of fluids may be manipulated
for various applications. Microfluidics technology has many foreseeable applications,
particularly in chemistry and biology, which are now being realised. The structuring of
such an integrated technology is in the micrometer scale to realise devices that control
such small volumes of fluid. Basic structures, such as microfluidic channels (also known
as microchannels or capillaries), can be fabricated allowing the controlled movement of
fluid on the device. These capabilities have created the vision of lab-on-a-chip (LoC)
technologies whereby microfluidics systems perform on-chip what is currently done in

(bio)chemical laboratories, by exploiting denser integration of microfluidics [I].

There is much interest in combining the two fields and their technologies, which already
share many of the microfabrication processes, as the major analysis methods for an-

alytical chemistry and biochemistry are optical. In order to benefit from integration

1



2 Chapter 1 Introduction

both must be integrated on the same overall device, and thus substrate. Fabrication
techniques for integrated optics have benefited much from those used in the micro-
electronics and micro-electro-mechanical systems (MEMS) fields. Until recently, most
integrated optical circuits consisted of only one or two devices, but the field appears to
be maturing with a drive for standardisation of materials, devices and interfaces, allow-
ing much denser integration [2], and proposals for photonic circuit foundries which will
allow “fab-less” researchers with design and measurement tools to access high-quality

device fabrication.

1.2 Motivation

1.2.1 Optical Lab-on-a-Chip

This section will expand on the combining of integrated optics and microfluidics which
some have termed “optofluidics” [3]. As its name suggests, LoC requires integration of
many of the tools found in the (bio)chemistry laboratory. These may include the means
for sample and reagent presentation such as channels, pumps and valves, chambers for
mixing and reaction, heaters for reaction control, devices for trapping, separation and
selection, devices for cell lysis, and for chemical analysis [4]. The convergence of mi-
crofabrication technologies, novel materials systems, and techniques for chemical and
biochemical analysis is enabling the realisation of LoC or micro-total analysis system
(wWTAS) [5]. This research is driven by the demand for fast, low-cost, small, and auto-
mated chemical analysis using minimal sample and reagent volumes, in a multiplicity
of applications [6], including interrogation of individual molecules [7]. The scale of in-
tegration, low cost and robustness of microfabrication approaches in microelectronics
enabled the realisation of many modern devices: the mobile phone, hand-held computer
and CCD camera, to name a few. It is often suggested that products incorporating LoC
technology will find similarly widespread use, for example in personal medicine, food
safety, water management and security. Cost and reliability for use by non-specialist
personnel will be key issues in achieving this goal, which could advance personalised

preventative medicine and public safety, and improve efficiency in food and water use.

The last decade has seen rapid growth in demonstrations of these functions in chips
fabricated using either “hard lithography” in semiconductors or glass or “soft lithogra-
phy” [8] in polymers such as PDMS. The former builds upon the functionality of silicon
MEMS and the enormous infrastructure of the microelectronics industry and points to
its example of cost reduction in complex electronic systems. The latter exploits the
benefits of improved compatibility with biological systems and the simplicity of rapid
prototyping in polymers. The emergence of preferred materials for the LoC will depend
upon the degree to which components can be standardised and selected for integration

to satisfy large-volume applications.
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What can be achieved in LoC technology has been described in the literature for mi-
crofluidics [9] for cell manipulation and analysis [10, [I1], biomolecule manipulation and
analysis [12], 4 TAS [13H15], optical manipulation [I6]. Optical approaches are the most
widely used for chemical analysis in microsystems, as they have an excellent track-
record in chemical analysis, usually show the lowest limits of detection [I7] and provide
the greatest chemical or morphological information on the species being analysed. Users
of microfluidic systems for (bio)chemical analysis are familiar with conventional opti-
cal systems for chemical analysis. However, the majority of optical functions demon-
strated in microfluidic systems use external micro-optical systems, or hybrid embedding
of optical fibres, which, while providing much flexibility, do not offer the robustness,
stability, operator-independence, and potential for mass manufacture of fully integrated

approaches.

An inspiring visualisation from Balslev et al. [18] is shown in a photograph of the device
in Figure[I.1] It is of a fully integrated microfluidic optical sensing system fabricated for
use in analysis of particles in fluid flow. The device was monolithically microfabricated
onto one substrate. The device boasts an on-chip dye laser which emits light at 576
nm, waveguides, microchannels, microfluidic passive diffusion mixers, and embedded
photodiodes. Though this device was not fabricated with a specific application in mind,
it has demonstrated how complex chips with microfluidic and optical components can
be fully integrated. The design of such a device could be used to analyse the passing of
particles that have been mixed on-chip. The particles would be analysed in the cuvette,
by an array of waveguides irradiating light from the on-chip dye laser and collecting the
fluorescence to the on-chip diodes to generate a direct electronic signal. Similar devices
could be made for cell screening, drug screening, analysis of cellular function, analysis
molecule interactions and reactions, or flow-cytometry. The confluence of integrated

optics with microfluidics technology in the future of LoC shows great potential.

Photodiodes ~

Cuvette

Dye laser ®0AVaveguides

=

Fluid mixer
A A 7RI
.

FIGURE 1.1: Balslev et al.’s [I8] integrated chip with integrated dye laser, waveguides,
cuvette, mixer, and photodiodes.
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1.2.2 Micro-flow Cytometry

One major area that can benefit from integration is flow cytometry. It has been in use
since the 1970s and is a technique for detecting, analysing, and sorting microscopic par-
ticles suspended in a stream of fluid. Conventional flow cytometers usually employ flu-
orescence activated cell sorting (FACS) systems which in a flow cytometer distinguishes
between particles using chiefly fluorescence detection, but may also employ scattering to
improve device analytical performance [19]. In fact, several optical quantities, such as
fluorescence scattering and absorption, can be obtained from cells by irradiating light,
and have the potential to be used for cell characterisation in these systems, as depicted
in Figure A typical detection process is illustrated in Figure Cells in
suspension are injected into a directed fluid stream forcing the cells to enter a small
nozzle one at a time. The cells travel down the nozzle which is vibrated at an optimal
frequency to produce drops at fixed distance from the nozzle. As the cells flow down the
stream of liquid, they are irradiated by a laser and the fluorescence signal is acquired to
identify the cell. Some of the laser light is scattered by the cells and this can be used to
count the cells or to measure the size of the cells. An electrical charging ring is placed
just at the point where the stream breaks into droplets. A charge is placed on the ring
based on the immediately prior fluorescence intensity measurement (and maybe scatter-
ing information) and the opposite charge is trapped on the droplet as it breaks from the
stream. The charged droplets then fall through an electrostatic deflection system that

diverts droplets into containers based upon their charge.

Sheathflow ¥ v  Particles (i.e. cells)

(o] .OOCO.
(o] o ©
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[ Scatter
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optics

o
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@ .
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FIGURE 1.2: (a) Cell being irradiated by laser light. The cell’s optical properties such
as scattering, fluorescence, and extinction of light can be used to characterise it. (b) A
bulk FACS system setup.
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Flow cytometry can be used in the analysis and sorting or screening of cells [20]. Nowa-
days, the use of microfluidics and integrated optics is making it possible to realise a fully
integrated system on a single chip [10], providing advantages over traditional flow cy-
tometer systems which are bulky, costly, mechanically complex, and often require trained
personnel for operation and maintenance. These “pflow” cytometry and “uFACS” sys-
tems offer advantages such as being less complex to use, thus being user friendly, cheaper
to fabricate, more compact and robust. Developments have been underway in several
research groups within the last 10 years [2IH23]. In such systems manipulating indi-
vidual cells with microfluidics will improve the ability to isolate rare cells for biologists,
highlighted by Leary [24]. Toner and Irimia [25] studied how this LoC technology can be
used to sort and manipulate cells in blood, commenting that if one could fabricate fully
integrated cell sorters with the performance of their traditional bulk counterparts, these
devices being smaller and cheaper, allowing one to have arrays of such devices splitting
the incoming sample and processing it in parallel, thus increasing overall speed. As
with electronics revolution, these devices will give an abstraction from the technology
allowing researchers from other fields to do their research quicker by not being hindered

of having to fully understand the technology they use.

1.3 Integrated Optics for uFlow Cytometers

This work has set out to improve the integrated optics in microfluidics devices used for
microanalysis, specifically, in a uflow cytometer device. For such a device, the goal of how
much integration is to be done is considered first. The integrated devices incorporating
microfluidics and optics onto a single chip for detection can be split into subsystems.
Due to time constraints, the project concentrated on the most crucial subsystems for
analysis of microparticles only. The subsystem to be developed was for beam control,
that is how the input light is delivered into the detection and analysis volume of a
microfluidic channel. The importance of this in microanalysis in fluorescence techniques
is that controlling spotsize, which defines the sample volume (or excitation volume), can
reduce background signal and improve signal-to-noise ratio (SNR), improving sensitivity
[26]. This is also the case not only for fluorescence, but scattering. Systems will struggle
to detect smaller particles due to their scattering signals being too weak from such large

beam dimensions [27].

Figure [I.3] shows the concept diagram of an integrated device that would focus a light
beam into the middle of a microfluidic channel to have been realised in this work. The
microfluidic channel depicted is the cross shape for hydrodynamic focussing. The waveg-
uides can be used for inputting and guiding light on the chip. The optical function on
the diagram corresponding to the function of an integrated optical device which is re-
sponsible for manipulating the light so as to focus it into the middle of a microfluidic

channel. Solutions for integrated optics devices that can focus the light are described in
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Microchip Microchannel

—

N . Waveguides
Optical
Function

FIGURE 1.3: A microfluidics system with integrated waveguides for input and output
and integrated optical devices providing optical function.

the thesis include: lenses, arrayed waveguide gratings (AWG), and multimode interfer-
ence (MMI) devices. The optical functions appear on both sides as they are aimed to
provide a collection subsystem on the output side. This system is required to be flexible
primarily for doing fluorescent and scattering measurements of particles in the microflu-
idic channel and then, with little modification if any, to use for other optical techniques
for particle detection and manipulation discussed in Chapter [2} some of which have had

little or no optical integration at time of writing.

From the concept chip presented, the beam control by integrated optics and the mi-
crofluidic channel were realised in a SiOs-based system; to make that transition, several
steps had to be made. The project was started by reviewing the methods and phenom-
ena used for optical detection for particles and the current level of integration of such
methods to know what is required for a flexible system. The basic building block of most
integrated optics is the waveguide, thus there was a study of a simple waveguide system
with singlemode behaviour simulated. Singlemode behaviour allows for more complex
devices to be added and focussing devices is the prime requirement in this work, so
planar integrated lenses were studied and designs simulated. A paraxial kinoform lens
was found by simulation to be most efficient to fabricate. Working at the microscale
provides practical use of other phenomena, so AWGs and MMIs were considered and
MDMIs designs after simulations were fabricated. The studies of devices were done si-
multaneously with the development of the fabrication process. The designed paraxial
kinoform lenses and MMIs were fabricated in a flexible two-mask photolithographic pro-
cess. Realised devices were characterised and the chips using lenses and MMIs are able
to focus light to a small spotsize further into the channel than a channel waveguide can,
allowing for large improvements in optical detection systems and the higher integration
of other methods with currently little integration or no integration form time of writing.

The structure of the thesis detailing the work done is given in the next section.
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1.4 Structure of Thesis

The thesis is structured as follows:

Chapter [I} this chapter, has introduced the use of integrated optics for microfluidics
and given the motivation behind higher integration of optics for LoC, and specifically

microanalysis of particles in uflow cytometer systems.

Chapter [2] is a review on the current state-of-the-art methods of optical detection in

microfluidic devices and the level of current integration in such systems.

Chapter |3| presents a summary of planar waveguide theory, the mathematical tools used
for waveguide design, and simulates the singlemode channel waveguides used to bring

light to the microfluidic channel.

Chapter [ gives a detailed theoretical description of the planar waveguide lenses to
manipulate the excitation light to focus into the middle of a microfluidic channel and
to improve collection of signal light. The analytical designs are outlined and candidate

designs are justified and simulated for comparison in performance.

Chapter 5| introduces two alternative devices to lenses using other phenomena available
at the microscale. The AWG and MMI devices, used in integrated optics, and how they
can be designed as an alternative to using planar waveguide lenses to focus light into
the middle of a microfluidic channel. MMIs were judged to be practical to fabricate at

the wavelength required and to lower tolerances and designs were simulated.

Chapter [6] describes the establishment of a flexible two-mask fabrication process for
planar devices integrated with optics and microfluidics on the same chip using GeO4:SiO-

waveguides.

Chapter [7] presents the characterisation results of the realised channel waveguides in-
sertion, propagation losses, mode profiles and spotsizes. These are followed by char-
acterisation results of the realised paraxial kinoform lenses and MMIs, images showing
functioning devices focussing in the slab region and in the microfluidic channel and the

Gaussian beam properties given.

Chapter [§] summarizes the conclusions of this work and proposes future advances based

upon the work presented in the thesis.






Chapter 2

Optical Detection in Microfluidic

Systems

2.1 Introduction

Detection and analysis of chemical and biochemical species in microfluidic systems is
challenging due to short optical path-lengths, small sample volumes, and the need to
analyse individual particles or molecules. For the LoC to fulfil its potential in terms
of parallelism and throughput, high-speed, multiparameter and multiplexed detection
is required, creating heightened demand for low noise, high specificity, miniaturization
and ruggedness. Conventional optical techniques for macro-analysis such as fluores-
cence, absorption, and chemiluminescence have been applied to microfluidic systems,
and good reviews have been published on optical detection methods for microfluidic
devices [28] 29]. Less common methods for optical detection in microfluidic devices,
such as Raman spectroscopy, are reviewed by [30]. The majority of optical detection
systems in microfluidics address flow cytometry or capillary electrophoresis (CE). In
common with demonstrations of optical trapping and propulsion in microsystems, most
detection systems rely upon rather complex bulk optical systems external to the mi-
crochannel, such as confocal microscopes, or hybrid integration by embedding optical
fibres, rather than the full on-chip integration of optical functions likely to be required
for highly-functional integrated systems [7]. While the majority of demonstrations use
optical transmission directly through the microfluidic channel, a few exploit evanescent
field configurations where heterogeneous detection at a surface is carried out, exploiting
the rapid diffusion to surfaces which occurs in thin laminar flow channels. There are
undoubtedly some challenges in applying evanescent sensing techniques, and integrated
optical waveguides [31], to microfluidic systems, such as the robustness and reversibility
of chemically-specific films and surface fouling, but biosensor research and microfluidics

research appear artificially distinct at present. This section reviews optical detection
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schemes for chemical analysis in microfluidic systems, divided according to the principal
optical phenomena employed: scattering, absorption, refractive index, fluorescence, Ra-
man spectroscopy, and thermal lensing. This review is limited to microfluidic systems,
but there are many sophisticated optical systems which have been applied to biosensing
and chemical analysis which use less advanced fluidics, but which have potential for

future incorporation in the lab-on-the-chip.

2.2 Scattering

Light scattering techniques applied to collections of particles, such as turbidimetry, are
well established, but microfluidics enables scattering measurements to be made on in-
dividual particles of size comparable with the wavelength, with high throughput. Scat-
tering is probably the simplest method for cell counting in a microchannel, but can be
extended to yield information on cell size, shape and internal and external structure
according to the angular scattering spectrum, and is commonly combined with fluores-
cence measurements to yield chemically-specific information. This is a natural extension
of traditional bulk flow cytometry systems where scattering may be employed to increase
detection reliability and the resolvability of fluorescent signals. Laser light is focussed
on a detection volume and the scattering caused by a refractive index contrast between
the particle entering that volume and the surrounding fluid allows detection of parti-
cles. Large angle scattering can give information on a particle’s surface roughness and
internal structures; whilst small angle or forward scattering can yield information of a
particle’s size. Scattering is surprisingly underutilised in microfluidic devices, perhaps
due to the fact that most implementations are dependant on alignment of bulk external

optics at the necessary angles.

Nevertheless, miniaturisations of flow cytometers using microfluidics have been devel-
oped, taking advantage of light scattering from particles. Schrum et al. [32] used scatter-
ing from fluorescently-labelled 2 pm diameter and unlabelled 1 pm diameter polystyrene
latex particles to demonstrate flow cytometry in a microfluidic device, distinguishing
them through fluorescence and size, and counting them at a rate of 13.5 Hz, using ra-
diation from an Ar ion laser. Subsequently, McClain et al. [33] extended this work
to perform flow cytometry on fluorescently-labelled E. coli at a rate of up to 85 Hz,
observing marginally better particle resolution using scattering. Witek et al. [34] stud-
ied electromigration of F. coli and red blood cells in polymer microflow channels, using

backscatter from focussed light from a 680 nm laser diode to monitor cell transport.

Pamme et al. [27] analysed polystyrene microspheres of diameters between 1 ym and 9
pm in a microflow channel using scattering alone from incident light at a wavelength of
633 nm. Optical fibres to collect scattering were fixed externally on top of the microflu-
idic device at 15° and 45° to the incident light beam, as shown in Figure While



Chapter 2 Optical Detection in Microfluidic Systems 11

rotational stage

microchip with reservoirs

FIGURE 2.1: Photograph of the microfluidic particle scattering apparatus; two optical
fibres were mounted above the microchip for scattering detection. Taken from [27].

particles between 3 and 9 um diameter were readily distinguished at throughputs of
order 150 Hz, the lower scattering intensities from smaller particles reduced the signal-
to-noise ratio (SNR) to the point where 1 pm and 2 pm particles could not be reliably
distinguished. The same group then analysed magnetic particles of diameter 2.8 pm and
4.5 pm under magnetophoretic separation. Similar apparatus was used as before but
with scatter collection angles of 25° and 35° to the incident light [35].

Wang et al. [36] incorporated optical waveguides aligned photolithographically across
the flow channel to perform scattering measurements on polystyrene microspheres of
diameters 2.8 um, 4.6 ym, 5.8 ym and 9.1 pum, avoiding the need for optical alignment
and improving mechanical stability of the device. An integrated microlens was used
to control the beam shape of incident light being delivered to the microchannel, and
optical fibres were connected at the input and outputs. The channel, waveguides and
lens were realised in a single SU-8 photoresist processing step. Measurements of forward
scattering were made by collection in an output waveguide at an angle of 5°, and the
particles of different size were clearly distinguished. The design allowed for optical
extinction and large-angle scattering to be measured, but this was not discussed in
detail. Incorporating this approach in a dielectrophoresis structure the authors were
subsequently able to separate and count viable and non viable yeast cells [37]. Integration
of further components close to the scattering particles may be expected to yield more

detailed information on cells.
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2.3 Absorption Detection

Detection through optical absorption is common in chemical analysis, employing either
direct absorption in the UV /visible wavelength range or a colorimetric assay, for ex-
ample. Its simplicity, and the lack of need for chemical derivitisations for fluorescent
tagging, has led to it being the most widely used detection technique in conventional
microseparations. However, the short optical path length inherent in miniaturization
of fluidic channels leads to weak optical absorption competing with a high background
transmission, and consequent difficulty in achieving low detection limits. This has been
addressed in conventional capillary systems using Z-shaped and U-shaped channels (e.g.
[38]) with longitudinal transmission. The problem becomes more severe in on-chip sys-
tems, and several approaches to increasing the absorption have been demonstrated,
such as liquid-core waveguiding, multipass configurations, hollow prism cells, integrated
waveguides and slow light. Detection limit depends upon good stability and reduced

noise as much as increased sensitivity, rendering waveguiding approaches attractive.

To enhance absorption in microfluidic devices, Liang et al. [40] microfabricated a planar
U-shaped absorption cell, with the base of the U placed between excitation and col-
lection fibres in photolithographically-defined channels, and achieved a 10-fold increase
in absorbance, using a path length of 140 ym compared with transverse measurement
through the 20 pm depth of the channel. Mogensen et al. [41] integrated planar channel
waveguides into a U-channel design for the coupling of light into the detection region, to
overcome alignment issues observed with optical fibres, and used a larger optical path
length of 750 pm, increasing this to 1000 ym in a subsequent polymer device [42]. They
further increased this to an effective optical path length of 1.2 mm using novel pure silica
integrated waveguides shown in Figure [39]; using absorbance at a wavelength of 254

nm a detection limit of 3 ug mL~! was achieved for paracetamol, and electrophoretic

Waveguide

“=AiIr

Silicon

FIGURE 2.2: (a) Scanning electron micrograph of the detection region of U-channel
absorption device after etching and oxidation (top view) (b) Stripe of SiO2 that acts
as a waveguide. Taken from [39].
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FIGURE 2.3: Schematic of the system for detection with a hollow Abbe prism. Taken
from [50].

separation allowed caffeine, paracetamol, and ketoprofone to be distinguished. Launch-
ing and collecting light across long path-length channels has also been achieved using
total internal reflection from micromachined V-grooves placed either side of the fluidic
channel [43] and used for a glucose assay on whole blood, where a limit of detection
(LoD) of 200 uM was achieved.

Salimi-Moosavi et al. [44] reported a multi-reflection cell, achieving five to ten-fold en-
hancements of optical path lengths. Mortensen and Xiao [45] have recently modeled the
use of slow light structures for optical path-length enhancement. Periodic structures
such as liquid-infiltrated photonic crystals could be incorporated within a flow channel
and potentially yield large enhancements particularly near the band edges. Duggan
et al. [46] achieved an optical path length of 5 mm by using a Teflon fluoropolymer
capillary as both the flow channel and a liquid-core waveguide, and Teflon AF coated
waveguiding microflow channels in silicon have also been realised [47]. However, ex-
tending the physical path-length along the direction of flow also degrades the spatial
resolution of species in capillary separation systems, resulting in a trade-off between en-
hancement and resolution. Performance of absorbance based measurements can also be
improved by incorporating additional on-chip optical components, such as microlenses
and micro-apertures, to reduce in stray light and hence increase the effective optical
path length [48]. Zhu et al. [49] improved collection efficiency by incorporating bare
silicon detectors within the PDMS fluidic chip and reported a LoD for bovine serum
albumin of 1 pg mL~! with channels of 60 to 400 ym depth. Llobera and co-workers
developed monolithically integrated hollow prism microchannels combined with optical
components in a single-step PDMS microfabrication process [50), 51]. The device, shown
schematically in Figure[2.3] consisted of channels to embed input and output fibres and
cylindrical biconvex microlenses to collimate the light, pass it through the hollow prism
filled with analyte, reflecting from a prism wall to enhance path-length, and refocus it
on the output fibre. LoDs of 1.83 uM and 0.683 uM were achieved for fluorescein and

methyl orange respectively, and pH measurements performed using methyl orange.
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An alternative approach to overcoming the low UV absorptions obtained in microchan-
nel separations due to the short optical path-length is to preconcentrate the sample.
Isotachophoretic (ITP) preconcentration has been combined with zone electrophoresis
(ZE) to lower the LoD on detection of two flavonoids down to 1.2 ug mL~! and 0.2 ug

mL~! [52], a 32-fold enhancement compared with zone electrophoresis alone.

Jiang and Pau [53] fabricated an SU-8 rib waveguide in a PDMS microchannel with
a spiral geometry resulting in a length of 110 mm within a chip area of 4 cm?. The
fluid to be sensed acts as a cladding and its spectroscopic properties are probed using
the evanescent field. Hu et al. [54] realised a chalcogenide glass waveguide in a PDMS
microchannel, in principle allowing transmission and evanescent absorption spectroscopy
at mid-IR wavelengths. Special waveguide designs can achieve higher sensitivity for
evanescent detection than “free-space” designs of the same physical path length [55],

rendering them potentially attractive in on-chip labs.

2.4 Fluorescence Detection

Fluorescence techniques are by far the most commonly used for optical detection in mi-
crofluidic devices, having the prime advantage that the signal is usually readily separable
from the scattered incident light. Compared to other detection techniques, fluorescence
delivers high sensitivity, allowing detection of single molecules as reviewed by Dittrich
and Manz [I4], and has gained wide acceptance in conventional bulk instruments. In
some cases, the autofluorescence of species (molecules, viruses, cells, etc) may be de-
tected; otherwise a fluorophore or quantum dot must be attached to act as a tag to
be detected. Tagging has the disadvantage that additional sample preparation must be
carried out, but usually yields lower fluorescent background and improved confidence in
the measurement. Due to the vast literature on this topic, in this section only work pub-
lished within the last five years will be discussed to highlight the most recent advances

in applications of fluorescence in microfluidic systems.

A wide variety of light sources are used for excitation, including lasers, LEDs and lamps.
Lasers and laser-induced fluorescence (LIF) are most commonly employed in microflu-
idics, due to diffraction-limited focussing and the potential for 2-photon excitation. The
increasing range of wavelengths, continually reducing cost due to use in consumer elec-
tronics, good stability, ease of switching, and low power requirements when using semi-
conductor lasers reinforce this trend. Longer wavelength fluorophores (600 nm < Agps <
800 nm) tend to be gaining ground due to the reduced background fluorescence and

wider availability of high-quality compact optical components at these wavelengths.

Recent research has emphasised electrokinetic methods for concentrating species to be
detected, thereby improving LoD, with most using conventional external optical ap-

paratus such as confocal microscopes. It has been shown that field-amplified stacking
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FIGURE 2.4: Schematic diagram of flow cytometer chip, showing the four focussing
electrodes in top-down and cross-sectional views and the position of the optical detection
zone and how the particles are focussed into this region by the electrodes. Taken from

[56].

injection (FASI) in microfluidic capillary electrophoresis devices can increase sensitiv-
ity of detection of fluorescent dyes [57]. Using a microfluidic chip with several channel
networks, detection of immunoassays of insulin secretions from multiple independent
pancreatic islets can be continuously monitored with an LoD of 10 nM [58]. Sun and
Yin [59] reported a multi-depth microfluidic device for single cell analysis. Human car-
cinoma cells which tend to aggregate and settle were separated using this device and
the cell constituents separated by CE and analysed using LIF. Flow cytometry is an
important function to benefit from microfluidics technology, with many continuous-flow
microfluidic devices demonstrating fluorescent-activated cell sorting (uFACS). Morgan
and co-workers [56, [60] reported devices that used dielectrophoresis (DEP) to focus par-
ticles in a microchannel stream. Figure [2.4] shows a micro flow cytometer chip which
focused particles in both the vertical and horizontal dimensions and detected 6 pym di-
ameter fluorescent latex particles. Using careful optimisation of the excitation intensity
to limit fluorophore saturation, Jung et al. [61] obtained an extremely low LoD of 100
aM, and single molecule detection, of Alexa Fluor 488 by LIF in a CE chip flow with iso-
tachophoretic separation. Hydrodynamic focussing has also been applied in microfluidic
systems with fluorescence detection. Yang et al. [62] realised a portable system incor-
porating a microfluidic device with hydrodynamic focussing and on-chip pumping and

applied it to detection and sorting of fluorescent dye-labelled human lung cancer cells,
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with a count rate of 120 min~! and an error rate better than 2%. Simonnet and Grois-
man [63] created high-throughput flow cytometers (17,000 s~!) in molded PDMS with
3D hydrodynamic focussing, and applied them to tagged yeast cells. Kamei and Wada
[64] built upon earlier work [65] demonstrating microfluidic separation of biomolecules,
and realised a detection platform shown in Figure which included a 2 mm diameter
half-ball lens for fluorescence collection, a microstructured interference filter deposited
directly on a pin photodiode, and an aperture through the centre of the detector and
filter via which excitation light from a 488 nm frequency-doubled vertical-cavity surface-
emitting laser (VCSEL) was introduced. A planar microfluidic CE device was placed
in contact with the half-ball lens, exciting fluorescein in the microchannel and allowing
fluorescence to be collimated, filtered and collected. The device achieved an LoD of 7 nM
fluorescein and was used to demonstrate the separation and detection of Haelll digest
of ¢X174 bacteriophage DNA. Breakthrough of scattered excitation light is often the
limiting factor in performance of fluorescence-based systems. Fu et al. [66] performed a
detailed study of the directionality of scattered excitation light and fluorescence which
enabled maximization of the fluorescent to scattered power ratio by selecting the fluo-
rescence collection angle. Excitation light was incident orthogonally to the microfluidic
substrate and collected in the plane of the substrate from the chip sidewall, as shown in
Figure with angles of 45° and 135° to the flow-channel exhibiting the best perfor-
mance. An LoD of 1.1 pM fluorescein was achieved, and the device demonstrated CE

of tagged arginine and phenylalanine.

Waveguiding structures have been exploited for fluorescence-based detection in microflu-

idic systems. Mazurczyk et al. [67] realised ion-exchanged waveguides in soda-lime glass
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FIGURE 2.6: Schematic diagram of angle-resolved fluorescence detection apparatus.
Taken from [66].

integrated with etched microfluidic channels and used fibre-coupled laser light at 532
nm for excitation of the Cy3 dye. Collection was carried out orthogonally from the top
of the chip using a lens or bonded fibre, achieving an LoD as low as 0.5 nM Cy3, and
collinearly in a waveguide on the opposite side of the channel, achieving an LoD of 1 uM
Cy3. The orthogonal configuration was then used to demonstrate CE of Cy3 and Cy3-
tagged streptavidin. Bernini et al. [68] used antiresonant reflecting optical waveguide
(ARROW) structures to realise microfluidic channels that guided excitation light in the
liquid, an alternative approach to the Teflon-clad waveguides described above. Although
the liquid core has a lower refractive index than the surrounding media, the dual-layer
cladding forms a high reflectivity mirror, which traps the light without invoking total
internal reflection. Laser light was coupled into the flow channel via a fibre inserted
into the hydrodynamically focused sample stream and two detector fibres were inserted
in microchannels perpendicular to the main channel to capture fluorescent light from
passing particles. The system was tested with human T leukaemia cells with diameters

of about 20 pm.

The rapid, low-cost, detection of bacteria in food and drink is an important application
for micro flow cytometry. Small numbers of pseudomonas cells in milk [69] and E. coli in
buffer [70] were detected using fluorescence microscopy following attachment of fluores-
cent dyes. A more portable PDMS immunoassay system that detects the E. coli O157:H7
bacterial antigen with an LoD of 0.3 ng uL~! has been reported [71]. A laser diode and
optical fibre-based fluorescence excitation and collection module was employed, with the

distal end of the multimode fibre placed against the bottom side of the thin glass fluidic
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chip. Taken from [73].

substrate. Li et al. [72] employed an optical fibre embedded in an etched channel in the
substrate and a blue (470 nm) laser diode for detection of fluorescene-5-isothiocyanate

(FITC)-tagged neurotransmitters dopamine and epinephrine in a micro CE chip.

Fluorescence correlation spectroscopy (FCS) is a powerful technique for the determina-
tion of the physical properties of small numbers of fluorescent or dye-tagged molecules.
To ensure that only small numbers of molecules are studied at one time, the excitation
volume is minimised by focussing to a small volume and using confocal detection. A cor-
relation analysis of the temporal fluorescence fluctuations of particles entering the optical
detection volume yields information on the diffusion characteristics and other physical
properties of the molecules under study. Yeh et al. [73] assembled an FCS system
with a complex PDMS microfluidic network, consisting of on-chip serpentine channels
for mixing, interrogation chambers, reservoirs and valves, as shown in Figure In a
single flow-chip, the drug doxorubicin was mixed to produce eight parallel streams of
different concentration; each stream was then mixed with a complex of DNA with tran-
scription factor Spl, and incubated in eight parallel interrogation chambers. Spl-DNA
dissociation was then determined by FCS, exploiting the different diffusion kinetics of
differently-sized entities to determine the fractions of bound and unbound DNA. The
resultant dose-response titration curve yielded the Spl-DNA binding inhibition versus
drug concentration. Rapid detection of low numbers of viruses for medical diagnostics is
an important field of application of microfluidics. Zhang et al. [74] detected dengue virus
with fluorescence crosscorrelation spectroscopy (FCCS), using dengue-specific antibody
in a PDMS microfluidic array structure. The virus and antibody were fluorescently la-
belled with two different fluorophores, excited at 488 nm and 633 nm, and the emission

separated by a dichroic filter onto two avalanche photodiodes (APDs). Viruses bound
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to antibodies entering the detection volume exhibited positively cross-correlated fluo-
rescence signals due to their motion being coupled. This study suggests that detection
of a single virus is achievable with this system. Hollars et al. [75] also performed a
cross-correlation of two fluorescence labelled probes excited and emitting at different
wavelengths, in a flowing system. In this case total internal reflection was used to excite
the dye-tagged analyte in an evanescent field in the microchannel. Short non-amplified

DNA sequences were measured to sub 100 pM levels in less than one minute.

Advances have also been made in systems employing conventional lamps, which allow
great flexibility in excitation wavelength by using wavelength filters, but generally show
poorer limits of detection. Yan et al. [76] used an Hg-lamp with excitation wavelengths
from 300 nm to 600 nm and a carefully engineered detection system with a microfluidic
CE chip to achieve an LoD for FITC of 7 x 107'° M and for FITC-tagged cystine of 9.6
nM. Gotz and Karst [77] used a xenon arc lamp as an excitation source combined with
a spectrograph and CCD, providing more detailed information through the complete
emission spectrum in the visible wavelength range (350-800 nm). Three rhodamine dyes
were used to characterise the system, applied to a standard microfluidic chip performing
CE for separation of analytes. Peaks in the elution spectra could be assigned to different
pure analytes and unexpected impurities were detected both by CE separation and
within an elution peak using spectral information. Using similar apparatus the group
were then able to detect thiols found in cosmetics with an LoD of 2 uM [78§] and taurine
found in drinks with concentrations as low as 60 aM [79]. Mitra et al. [80] fabricated a
microdischarge device stacked on top of a microfluidic device as an alternative excitation
light source producing emission in the UV for intrinsic fluorescence excitation. The
microdischarge is created in an air gap between a metal anode and saturated salt solution

in a reservoir acting as a cathode.

Light-emitting diodes (LEDs) are attractive sources for microfluidic measurements as
they are cheap, compact, and efficient and may have higher brightness than conventional
lamps. Destandau et al. [81] have reported a simple Y-shaped microfluidic channel and
a simple LED and PMT detecting potassium with a LoD of 0.5 mM using calyx-bodipy
dye, which has fluorescence intensity sensitive to potassium concentration. Kim et al.
[82] realised a highly integrated fluorescent microfluidic detection chip comprising the
microfluidic channels, silicon detector with interference filter, and an integrated organic
LED (OLED) deposited directly on to glass as a thin-film structure. The microchannels
were etched in glass with dimensions 70 pm width and 20 pm depth, and the OLED,
emitting at 530 nm, was deposited on the reverse of the substrate. A p-i-n photodiode
with a deposited interference filter were buried in PDMS which was then bonded to
the glass microchannel. The device was characterised using tetramethylrhodamine dye
(TAMRA) and achieved an LoD of 10 M. Hofmann et al. [83] realised microchannels
in a PDMS slab which had been doped with lysochrome dye and acted as a high-quality
filter itself. One millimetre thick samples doped with 1200 pug mL~' Sudan II, for
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example, showed < 0.01% transmission at 500 nm and > 80% transmission above 570
nm. Irawan et al. [84] realised microchannels for use as fluorescence detection cells in
PMMA optical fibre and plastic clad silica optical fibre by laser ablation. Microchannels
of dimension 100 pum width by 210 um depth were etched into the fibre cores and
fluorescein, excited by a blue LED (centre wavelength at 470 nm), measured with an
LoD of 5 ng L1,

Protein and DNA detection and manipulation are major fields of application in microflu-
idic systems due to the benefits of rapidity, flow control and small sample and reagent
volumes at these scales. Shen et al. [85] developed an array of CE microchannels con-
nected to reservoirs in soda-lime glass to perform parallel detection of fluorescent-tagged
biomolecules. Light from a diode-pumped solid-state laser at 473 nm was line-focussed
across the parallel measurement and reference channels and a CCD camera with filter
was used to detect fluorescence simultaneously from all channels. Parallel CE separation
allowed simultaneous detection of many fluorescently labelled molecules such as amino
acids, proteins and nucleic acids. A similar system was realised in PMMA by Liu et al.
[86], working in the same group, and successfully applied to rapid detection of multi-
plex PCR products for severe acute respiratory syndrome virus (SARS) and hepatitis
B. Huang et al. [87] fabricated a sophisticated microfluidic network in PDMS to anal-
yse low-copy number proteins in a single cell by single molecule detection. Individual
cells were trapped, lysed, and the proteins in the lysate bound with fluorescently la-
belled antibodies and then separated using CE. A line-focused laser beam ensured that
all molecules across the width and depth of the detection microchannel (40 ym x 1.8
pum) were detected, while in the direction of flow it was still tightly focussed to reduce
background fluorescence. Edgar et al. [88] performed detection of fluorescein-labelled
amino acids contained in 10 fL droplets. The device consisted of a T-channel 3 pym
wide by 3 pum deep that separates a CE channel (50 ym wide by 50 pm deep) from the
droplet generation input by using an immiscible liquid. LIF is then performed in the
CE channel. Oh et al. [89] genetically engineered E. coli cells to cause them to ex-
press capture proteins and present them at the membrane surface. DEP cell traps were
used to immobilise the cells in 200 pm wide microchannels, which then captured flu-
orescently labelled target molecules. Dual wavelength fluorescence measurements were
performed on the cells to detect the bound molecules and reference to the number of
capture ligands. This technique provides a convenient method to produce surfaces with
immobilised capture molecules. Direct UV-excited fluorescence offers the potential for
label-free protein analysis in individual cells. Hellmich et al. [90] performed direct UV
fluorescence measurements on amino acids and proteins, using a frequency-quadrupled
Nd:YAG laser and photomultiplier. Individual cells were optically trapped and electri-
cally lysed on an PDMS/quartz chip, and the lysate separated by CE. Optimisation of
the confocal optics and addition of carbon black into the PDMS led to a reduction in
background florescence and an LoD of 25 nM for tryptophan.
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FIGURE 2.8: (a) Schematic representation of the molecular beacon and its operating

principle. Target hybridization leads to the separation of the fluorophore (FAM) and

quencher (DABCYL) and a consequent fluorescent signal. (b) Schematic representation
of an alligator-teeth-shaped PDMS microfluidic channel. Taken from [92].

DNA hybridisation to a free DNA probe sequence in solution is much faster than to
immobilised DNA sequences, due to the diffusion-limited kinetics of the latter. Thus de-
tection of hybridisation of target and probe in a microflow system, with suitable mixing,
presents considerable advantages in terms of speed. Lee and co-workers [91] 92] imple-
mented a fluorescence resonance energy transfer (FRET) system in a PDMS microfluidic
device with an alligator teeth structure for efficient mixing in otherwise laminar flow,
shown in Figure b). As the probe and hybridised target is not immobilised, wash-
ing cannot be used to remove the unbound target, so an alternative labelling scheme
is required. Yea et al. [91] employed a system where both the target DNA and probe
strands were labelled, and relative intensities yielded the fraction of hybridised DNA.
To avoid the need to label the target DNA, Kim et al. [92] then employed a molecular
beacon, shown in Figure (a), where one end of a single-stranded oligonucleotide has a
fluorophore attached and the other end has a quencher attached. In the absence of the
target sequence, emission is quenched as the probe sequence forms a loop and the fluo-
rophore and quencher are in close proximity. Hybridisation of the complementary target
causes the loop to open, the fluorophore and quencher to separate and fluorescence to
be observed. Liu et al. [93] report a portable genetic analysis system for forensic appli-
cations and have validated it using samples extracted from oral swabs and human bone
extracts. The glass microfluidic chip performed the polymerase chain reaction (PCR)
and capillary electrophoresis followed by parallel four-wavelength fluorescence detection
using a 488 nm frequency-doubled diode laser and confocal optics, with optical fibre as

confocal aperture.

Multiplexed analysis with multiple fluorescent labels is limited by the spectral overlap
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FIGURE 2.9: (a) Schematic diagram of dot-coded particle synthesis showing polymer-
ization across two adjacent laminar streams to make single-probe, half-fluorescent par-
ticles [shown in (b)]. (c) Diagrammatic representation of particle features for encoding
and analyte detection. (d) Differential interference contrast (DIC) image of particles
generated by using the scheme shown in (a). (e to g) Overlap of fluorescence and DIC
images of single-probe (e), multiprobe (f, bottom), and probe-gradient (g, left) encoded
particles. Scale bars indicate 100 mm in (d), (f), and (g) and 50 mm in (e). Taken

from [94].

of fluorophore emission. Pregibon et al. [94] created single and multi probe particles
encoded with a spatial fluorescent pattern for multiplexed detection of DNA oligomers
at 500 attomoles. The encoded particles were created in a continuous microflow system,
shown in Figure a), where laminar fluorescently-labelled monomer and probe-labelled
monomer flows are introduced adjacently. Elongated polymer particles (~ 90 pum wide
by 30 pum deep by up to 270 um long) were formed in the channel by exposing the
monomers to 30 ms bursts of UV to photopolymerise them. The shape of the particles
was defined by a mask in the UV projection system, which included the 20-dot pattern
at one end, yielding more than one million possible codes. The resultant particles, which
have a fluorescent graphically-encoded region and covalently-coupled probe-carrying re-
gions, as shown in Figure (b), are collected in a reservoir. After incubation with the
fluorescent-labelled target the particles are read by passing them through a microfluidic
channel a little wider than the particle width. The particles are hydrodynamically fo-

cused and aligned along the channel and when they pass through the detection region



Chapter 2 Optical Detection in Microfluidic Systems 23

Gate control channels

Outlet
Glass

4 v il N
Microbead Inlet gate  Chamber Outlet gate

0© )

o <+
|

FIGURE 2.10: Schematic view of each step in capturing of a single microbead: (a) bead

introduction, (b) inlet gate opens by applying a vacuum to the gate control channel

and (c) gate closed by stopping the vacuum on the gate control channel resulting in a
single bead captured for sensing. Taken from [96].

the fluorescent intensities are detected using a CCD camera and analysed in five lanes
along the particles, corresponding to the rows of dots in the code, so that the particles
code is read and the presence of the target is detected. The external optics employed
in microfluidic LIF systems is often complex. Huang et al. [95] performed on-chip PCR
and CE in PDMS/PMMA /glass multilayer device with an embedded optical fibre for
fluorescence collection to reduce the complexity of collection. They detected S. pneu-
moniae bacteria and the dengue-2 virus by separating and detecting amplified DNA

products.

Suitably modified microbeads may be used as probes for biomolecular detection in mi-
crofluidic systems. For example, the beads may be functionalized with antibodies and
binding of the fluorescent-tagged antigen enables fluorescent detection in a microfluidic
device, with multiplexing being achieved using beads containing different fluorophores.
Detection on beads means that the antibody does not have to be immobilised in the mi-
crofluidic device, and the beads can be readily manipulated within a microflow system.
Yun et al. [96] realised physical PDMS gate valves within a microfluidic channel to iso-
late individual beads, as shown in Figure Using 10 pm diameter polystyrene beads
modified with human IgG specifically bound to protein A on the bead surface, an LoD of
0.1 ug mL~! for anti-human IgG conjugated with CdSe/ZnS quantum dots (QDs) was
achieved, using a fluorescence microscope to excite and detect. Riegger et al. [97] per-

formed sandwich immunoassays for hepatitis A and tetanus in a centrifugally-propelled
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disk-based microfluidic system with an LED light source. CdSe QDs were used to iden-
tify the beads and fluorescent polystyrene microspheres were used to identify presence
of the bound antigen. Haes et al. [98] achieved an LoD of 1 fM for staphylococcal en-
terotoxin B (SEB) detection using a microfluidic device with a system of microchannels
and micro-weirs. Displacement assays were carried out on a glass chip using LIF and
electrokinetic fluid pumping. Silica beads modified with antibodies specific to SEB were
trapped in the weirs, and fluorescent-tagged SEB bound to these in situ. The displace-
ment assay was carried out by introducing the sample containing SEB and observing
fluorescence from displaced tagged SEB downstream from the beads. The beads could

be replaced, for repeated assay, or used again a limited number of times.

2.5 Refractive Index Techniques

Refractive index based techniques are more prone to influence by non-specific effects than
fluorescence techniques but are extremely attractive for chemical and biochemical sensing
due to the lack of need for a label. However, rather few papers describe integration
of refractive index based detection techniques with true microfluidic systems, and key

examples are reviewed in this section.

Costin et al. [99] demonstrated measurement of diffusion coefficients and molecular
masses in a microfluidic chip, which could play a useful role in on-chip CE and HPLC
systems. The sample stream and mobile phase stream were merged in a detection chan-
nel and interdiffusion between the streams was monitored using the angular deflection
of laser light by the resultant refractive index gradient. Two detection points, one just
as the streams merge and one downstream, were used to monitor the extent of diffusion
over the length of the channel, and the relative deflections yielded information on ana-
lyte diffusion coefficient and molecular weight. Leung et al. [100] analysed bubbles in
microchannels 40 pym wide and 30 um deep, for application in online reaction monitoring
and safety applications. As a bubble passes through the microchannel the deflection of
laser light due to the refractive index perturbation is recorded using a position-sensitive
detector. Performing statistical analysis on the data the system is able to determine bub-
ble size and formation frequency. Using a hollow Abbe prism as a microfluidic chamber,
as described above for absorption monitoring (Figure [2.3), Llobera et al. [50] were able
to detect changes in refractive index through dispersion of the prism, as well as the ab-
sorption of a liquid. The device consisted of channels to embed input and output fibres,
biconvex microlenses to focus the light, reservoirs, and the Abbe prism monolithically
integrated in PDMS.

The spectral transmission of a Fabry-Perot (FP) cavity is highly sensitive to intracavity
refractive index and may enable imaging of refractive index distributions. Shao et al.

[101] fabricated a FP microfluidic cavity in which microchannels of up to 30 m deep and
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Input fiber
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FI1GURE 2.11: Schematic showing microfluidic Fabry-Prot cavity for cell detection. The
cell holder holds a cell in position as the cavity resonates. Taken from [102].

200 pm wide were etched in Pyrex and the top and bottom coated with 35 nm thick gold
layers to serve as reflectors. Using an LED as a broadband source and measuring the
transmission spectrum of the device, they performed intracavity measurements on single
particles such as yeast cells; human red and white blood cells could be distinguished,
although improved quantification is needed. Song et al. [102] realised a microfluidic
network incorporating a dual-fibre Fabry-Perot, with channels for insertion of cells and
two buffer solutions, two single mode fibres with high reflectivity gold-coated ends cross-
ing the fluid channel to act as the FP cavity and as optical input and output, and a
pressure-based cell-holder to trap the cell between the two fibres, as shown in Figure
The cavity was 35.5 pm long and two buffer solutions having different refractive
indices were alternated while the cell was trapped in position by the cell holder. The
differences in the spectra with the two buffer media were reported to yield the effective
refractive index of the cell with a standard deviation of F0.2%, and cell size with an SD

of F4% for repeated measurements of the same cell, being released and retrapped.

There is a vast literature on evanescent wave refractive index based biosensing, based on
dielectric waveguides or on surface plasmon resonance, for instance, and these are subject
of excellent recent reviews by Lambeck [31] and Phillips and Cheng [103]. Integration
of these sensors with microfluidic circuits is essential for repeatable performance, inte-
gration of reference sensors, enhanced interaction of analyte and surface, and low-cost
manufacture, and the lab-on-the-chip may benefit greatly from these welldeveloped tech-
niques. Mach-Zehnder interferometers (MZIs) are one of the most sensitive waveguide
devices for evanescent refractive index measurement [104], particularly if active electro-
optic control is employed [105]. Lechuga and co-workers have reported the development
of an MZI using CMOS compatible technology integrated with an SU-8 microfluidic
channel [106, [107], achieving an LoD for bulk refractive index of 3.8 x 1076,

Ymeti et al. [I08] realised a waveguiding Young interferometer (YI) on silicon with
a glass microfluidic circuit. Light is inserted into a waveguide and is split into four

channels. The outputs of the four waveguides are focused by a cylindrical lens to a
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FIGURE 2.12: Four-waveguide integrated optical Young’s interferometer sensor.
Waveguides 1, 2, and 3 are sensing arms, and waveguide 4 is the reference arm. Taken

from [109].

CCD camera to record the interference pattern. Each of the four waveguide channels
is exposed in a sensing window, and microfluidic channels are realised on a separate
wafer which is then bonded to the YI over the sensing windows. The device was used
to analyse an immunoreaction between human serum albumin (HSA) and o-HSA and
achieved a refractive index resolution of 6 x 10~®. The authors later reported that a
similar YT device, shown in Figure could detect herpes simplex virus type 1 (HSV-
1) at concentrations of 850 particles mL~! and that the sensor may be able to achieve
sufficient sensitivity to detect single virus binding [109]. In this case, a macrofluidic flow
system was used, but the use of microfluidics was predicted to reduce the sample volume

to a few microlitres and reduce time response to seconds.

Gratings are attractive components for interrogation of refractive index in microfluidic
systems, as they allow relaxed optical alignment compared with direct end-coupling into
waveguides [110]. Yuen et al. [111] realised a polymer H-shaped microfluidic device
integrated with a grating for sensing, in which a reference fluid and analyte fluid could
be passed over the grating under the same conditions and measured simultaneously.
Laser light is incident through a polariser and focused via a lens to provide many angles
to couple into the grating. Light is coupled into the waveguide at the angle where the
grating provides phase-matching, and this angle changes depending on the refractive
index of the material at the grating surface; the light then couples out of the waveguide
and is recorded by a CCD camera. Tests with biotin/streptavidin assays were conducted
to demonstrate detection of small molecule binding. Sarov et al. [I12] employed a
grating realised with a PMMA microprism on a glass microchannel lid, requiring multi-

step fabrication. Laser light enters the prism under total internal reflection, so that the
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grating is irradiated and an evanescent field penetrates the microchannel. Reflected and
diffracted light exits the prism and the energy redistribution into the diffracted orders
allows the determination of the refractive index and the absorption coefficient of the
fluid. The device had an index sensitivity of 5 x 10™* and an absorption coefficient
sensitivity of 3.5 x 10 m~!. Choi and Cunningham [IT3] fabricated grating structures
with a period of 550 nm as the sensors on the floor of a microchannel, by molding
followed by deposition of a thin titania film. Using a white light source the grating
is irradiated perpendicular to the grating with polarised light, and the reflected light,
whose wavelength depends strongly on the refractive index of the medium in contact
with the grating, is directed back to an imaging spectrometer. The key advantage of
this approach is that an array of small sensor patches (~ 10 x 10 pym) can be imaged
as independent sensors, allowing the potential for dense integration. The device detects
changes of refractive index in the microchannel as a shift in the peak wavelength of
reflection. Discrimination between chicken IgG and pig IgG was demonstrated using

Protein A as the immobilised protein ligand.

Surface plasmon resonance is an alternative means of detecting refractive index changes

™ gys.

in an evanescent field, which has achieved great success through the Biacore
tem [114]. Detection depends upon angle- or wavelength-dependent coupling to a lossy
surface plasma wave at a metal surface, whose velocity changes with refractive index re-
sulting in a change in reflected power. The potential for low reagent and sample volumes
and fast reactions is driving further miniaturization and integration of SPR devices in
microfluidic systems. Furuki et al. [115] realised photopatterned microchannels with
floors coated with a gold film. The device was excited using a prism in the Kretschmann
configuration where light is reflected from the 60 nm thick gold layer, tunneling through
it to excite a surface plasmon on the liquid side of the film in each channel. A sequence of
cysteamine, photobiotin, and avidin was bound to the surface and measured by SPR. The
results were consistent with those measured by atomic force microscopy, and the channel
sample volume was reduced to about 8 nL. Wheeler et al. [116] fabricated micro-flow
cells designed to be attached to the commercial Spreeta™ SPR sensor by soft lithogra-
phy in PDMS using conventional photoresist processing. Refractive index changes due
to biotinylated bovine serum albumin, streptavidin, biotinylated protein A, and human
immunoglobulin each bound to the preceding layer were monitored. Using volumes as
low as 73 nL, the data were consistent those obtained with conventional flow cells of
volume 8 pL.. Recently more sophisticated microfluidic SPR devices have been reported.
Huang et al. [I17] realised a complex integrated flow circuit with many microfluidic
components, and detection regions for three analytes in one channel. The optical ex-
citation and detection was again achieved using an external prism in the Kretschmann
configuration. Temperature control was incorporated into the device, as all refractive in-
dex based sensors are sensitive to temperature variations. Molecular imprinted polymer
(MIP) films were used as the recognition element for specific biomolecules. MIPs specific

to testosterone, cholesterol, and progesterone were pattered on the gold and detection of
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these three analytes successfully demonstrated at physiologically normal concentrations.
This microfluidic SPR. system demonstrated direct detection of low molecular weight an-
alytes, higher association rates between analyte and MIP compared with a conventional
SPR system due to more efficient interaction between biomolecules and MIP films, and

reduced sample consumption.

Lei et al. [118] integrated a microfluidic vortex pump into a hot embossed PMMA micro
flow cell, with integrated SPR sensor. The gold layer was not deposited directly in the
microchannel, but on the surface of a prism attached to an open microchannel, thereby
sealing it. The sensitivity of the SPR technique was enhanced by exploiting the phase
change on reflection as well as the amplitude change, in a bulk interferometer. An esti-
mated sensitivity of ~ 10 ng mL~! was achieved for the binding reaction of bovine serum
albumin (BSA) antibodies to BSA immobilised molecules on the gold surface. Making
use of a simple T-shaped PDMS microchannel on a glass wafer with gold patches, Kurita
et al. [I19] realised a portable SPR system with a concentration range of 5 pg mL~!
to 100 ng mL~! for B-type natriuretic peptide, a marker of cardiovascular risk. This
indirect measurement involved incubation with enzyme labelled antibody, attachment
of the unbound antibody at a position upstream of the SPR sensor, production of thio-
choline by interaction of enzyme and acetylthiocholine in solution, and accumulation of
the thiocholine on the gold SPR pad.

2.6 Raman Spectroscopy

Light incident on a material may exhibit Raman scattering at shifted wavelengths (dis-
covered by Raman in 1928 [120]) due to energy being lost to molecular vibrations (Stokes
shift) or imparted by them (anti-Stokes shift). Raman spectroscopy thus provides molec-
ular fingerprint information similar to that provided by IR spectroscopy, and is a pow-
erful technique for highly specific label-free detection of species. Raman spectroscopy
has the advantage that it may be carried out at wavelengths where the absorption of
water is weak and where optical instrumentation is straightforward, but has the disad-
vantage that the scattered signals are very weak. Several approaches have been adopted
to obtain measurable signals in microfluidic systems, including surface-enhanced Ra-
man scattering (SERS), resonance Raman scattering, and long-term integration for a
stationary particle. In this section two important types of Raman spectroscopy applied

to microfluidic devices are discussed.

2.6.1 Surface-enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) exploits resonant excitation of surface
plasmons on metallic surfaces to enhance Raman scattering by many orders of magni-

tude [12I]. Metals with a large and negative real part and a small imaginary part of
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dielectric permittivity, usually gold and silver, are required for efficient enhancement,
and suitable surfaces for plasmon excitation include colloids, roughened and patterned
films, and self-assembled structures. SERS is emerging as a competitor to fluorescence
with the benefit that no tagging is required (although surface-enhanced resonance Ra-
man (SERRS) may employ a tag) and Raman spectra show narrow lines characteristic
of the material, allowing greater multiplexing. However, its application to microfluidic
devices is complicated as, unlike fluorescence, the species under detection must be in
close proximity to the metal surface for enhancement to take place. Reliable quantita-
tive measurements are difficult to achieve as SERS enhancement is strongly dependent
on the shape, size, and proximity of metallic features. For example, colloids are attrac-
tive enhancers in microfluidic systems as they may be analysed while flowing through
the system and do not use a fixed surface within the flow channel which may become
fouled. The highest enhancements using colloids occur in hot-spots where two particles
are within a few nanometres of each other. Adequate control of measurement conditions
such as the degree of colloid aggregation, particle sizes of the colloids, and the inhomoge-
neous distribution of molecules on a metal surface is challenging. Using a fixed patterned
surface within the microflow channel has the advantage of providing a constant surface,

with the disadvantage of its potential fouling and degradation.

Connatser et al. [122] vapour deposited ~ 20 nm silver onto PDMS microfluidic channels
to create partially embedded clusters. Raman spectroscopy was performed in a conven-
tional Raman microscope with 633 nm laser illumination for detection of riboflavin and
resorufin following CE separation in the channel. The Raman spectra for riboflavin and
resorufin gave readily distinguishable peaks at wavenumber shifts of 1200 cm™! and 600
cm ™! respectively. Novel structures such as nanowells patterned by soft lithography in
PDMS allow more controlled production of “hot spots” for SERS, yielding enhancement
factors of 107 in a PDMS/glass microflow channel, configured as shown in Figure

compared to a device with a smooth PDMS surface [123].

Collection of SERS spectra from flowing colloids can provide more reproducible results
because of temporal averaging of the geometry and improved heat dissipation. Nirode et
al. [124] demonstrated direct on-column SERS in 100 pum diameter CE microcapillaries
using silver colloids with nanomolar sensitivities for Rhodamine 6G. Flowing colloidal
particles and analyte molecules show a tendency to adhere to microflow channel walls,
contaminating subsequent measurements. Strehle et al. [125] performed analysis on
aqueous droplets contained within flowing lipophilic tetradecane and moved along the
channel by external pumps, thereby avoiding contact between colloid and the channel
walls. Crystal violet detections within the 60 nL - 180 nL. droplets were performed in
a concentration range of 1 x 107> M to 1 x 107% M, and quantification achieved by

recording the amplitude of the 1177 cm~! Raman peak.

Lee and co-workers realised PDMS microfluidic chips where the colloidal silver solu-
tion is mixed with the analyte using the alligator-teeth structure (Figure 2.§(b)) in the
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FIGURE 2.13: Schematic diagram of integrated microfluidic chip with nanowell struc-
tures for SERS, and the Raman detection apparatus. Taken from [123].

microchannel, and the Raman spectrum is acquired in a downstream detection region
using a conventional Raman microscope and excitation at 514.5 nm. One device was
used to detect cyanide anions for pollution monitoring using a Raman peak at 2100
em~!, achieving an LoD of 1.0 ppb or below [126]. Using similar devices this group also
reported (i) detection of two different dye-labelled DNA nucleotides without the need
for PCR or microspotting; TAMRA and Cy3 dyes were used for labelling with an LoD
estimated at 10~!' M [127], and (ii) the detection of methyl parathion insecticide with
an LoD of 0.1 ppm [128]. Recently, again using a similar device, molecular beacons were
used to hybridise with the target DNA and detected using fluorescence and SERS. In
the case of the SERS measurements, silver colloids were mixed with the beacon solution
and the DNA to be hybridised was added through another inlet. The Raman signal
was strongly reduced if the analyte was complementary to the beacon as the change

in conformation of the beacon caused the SERS-active labels to be separated from the

colloid [129].

Cooper and co-workers used surface-enhanced resonance Raman spectroscopy (SERRS)
in a microfluidic system [130} [I3T]. The wavelength of the excitation source is selected to
be at an analyte absorption, resulting in an increase in sensitivity and selectivity of the
system, enabling improved discrimination of analytes from contaminants. A microfluidic
device in glass was realised, in which silver colloid was formed on chip by insertion of an
aqueous solution of AgNO3 and of NaBH, in NaOH solution into two branches of a T-
junction, producing a stream of aggregated colloids flowing down the centre of the third



Chapter 2 Optical Detection in Microfluidic Systems 31

branch [I30]. The analyte was introduced at a downstream T-junction and 10 fmol of
an azo dye derivative of trinitrotoluene (TNT) was detected using a conventional SERS
system with 514 nm laser excitation. A similar microfluidic device was realised by the
same group in PDMS, and yielded identification of up to three oligonucleotides of F.
coli sequences labelled with different dyes [131].

2.6.2 Laser tweezer Raman spectroscopy

Laser beams can be made to function as optical traps, also known as optical tweezers.
In the presence of a tightly focused laser beam nearby particles of higher refractive in-
dices than the surrounding medium due to gradient forces are attracted towards the
maximum optical intensity of the beam [132]. On the beam the particle is trapped near
the focus as gradient forces and the “radiation pressure” forces which drive the particle
along the propagation of the beam are balanced. Laser tweezer Raman spectroscopy
(LTRS) exploits a single-beam optical gradient trap to hold and isolate a particle while
performing Raman spectroscopy upon it. Such trapping applies to larger objects such as
cells, where detection of Raman scattering is less problematic, and has the advantages
that the object can be held away from surroundings, to limit background interferences,
can be held stationary for extended periods and then released, to allow temporal inte-
gration of spectra and improved signal to noise ratio, and can be moved in and out of
the Raman probe volume, to allow background subtraction and noise reduction. The
optical gradient trap has been employed for some time to study Raman spectra of levi-
tated objects [133]. However, it is only recently that LTRS has been used in conjunction
with microfluidics. Xie et al. [134] fabricated a simple microfluidic system with two mi-
crofluidic chambers joined by a microchannel. Individual yeast cells and bacteria were
trapped and identified from their Raman spectra in one chamber and then moved to

separate regions in the collection chamber for subsequent processing using the tweezer.

Methods to improve the sensitivity of LTRS systems by reducing or cancelling back-
ground and environmental interferences are being continually refined and incorporated
in microfluidic environments. The use of separate wavelengths for trapping and Ra-
man scattering adds an extra dimension to LTRS systems. Creely et al. [135] realised
a macrofluidic dual-wavelength LTRS system with excitation of the Raman spectra at
785 nm, and trapping at 1064 nm. Individual living yeast cells were trapped, a Raman
spectrum obtained for between 0.2 s and 180 s, moved out of the Raman excitation
beam so that a background measurement could be acquired under the same experimen-
tal conditions, and then the spectrum had the background subtracted. The approach
employed a single microscope system using an excitation power and trapping power both
< 10 mW, allowing live cells to be observed for over 2 hours, and detailed information
on temporal changes in the cells to be obtained. Recently Rusciano et al. [136] have

demonstrated a dual-beam microfluidic system, where the Raman probe beam is kept in
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a fixed position whilst the trapping beam position oscillates so that the trapped object
is moved through the Raman probe volume twice in each period of oscillation, thereby
modulating the Raman signal by a frequency 2f. This can then be demodulated with
low noise using a lock-in amplifier, removing any stray light or unmodulated background
fluorescence. The resultant signal includes a spurious component also modulated by 2 f
due to the photon scattering of the solvent volume. However, this second component is

easily distinguished as it is shifted by 7 /2 radians with respect to the desired signal.

Dual-wavelength systems have also been realised, employing two separate microscopes,
allowing greater independence in optimisation of trapping and Raman detection, and
applied to red blood cells, yeast cells and resonance Raman spectroscopy of red blood
cells [137, [138]. Ramser et al. [I39] have developed their approach for application to
a microfluidic chip for resonance Raman spectroscopy of red blood cells, allowing the

oxygenation cycle of an individual erythrocyte to be studied.

In the case of detection of small numbers of biomolecules, laser tweezer Raman spec-
troscopy may be combined with SERS to enhance Raman signals by trapping micron-
sized metal colloid clusters or metal-coated glass spheres [137, [140], and taking the

Raman spectra of molecules absorbed on them.

2.7 Thermal Lens Detection

Light incident upon a liquid sample may be absorbed by the sample which then under-
goes non-radiative relaxation and heats the surrounding volume. This heat changes the
refractive index of the medium, usually lowering it. If a laser excitation beam is focussed
on a small volume, the refractive index change is increased and a thermal lens (TL) is
created by the thermal gradient. A laser probe beam can then be used to detect these
changes. A thermal lens microscope (TLM) exploits this phenomenon by focussing a
coaxial excitation beam and probe beam on the fluid through an objective lens, and
detecting the power in the probe beam passing through a pinhole after filtering out the
excitation wavelength, as shown for nanoparticle detection in Figure A modu-
lated excitation laser and synchronous detection is used to reduce noise and improve
detection limit. Sensitivity to absorption is extremely high, as is required in microflu-
idic systems with small volumes, but TL is generally not able to distinguish between
absorbing species, although thermal lens spectroscopy yields some compositional infor-
mation. Kitamori et al. [141], writing on the principles of TLM and its application
to imaging and microfluidics, observe that the chemical specificity obtainable through
separation of analyte species in microfluidics is complemented by the great sensitivity
of thermal lens detection. Further miniaturisation of the TLM is required for practical

use in microfluidic systems as the optics used tends to be quite bulky.
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FIGURE 2.14: Principle of detection of individual nanoparticles by thermal lens mi-
croscopy. Taken from [142)].

Kitamori and co-workers have made a large contribution to the development of continuous-
flow chemical processing incorporating TLM in microfluidic devices, and demonstrated
its potential applications, with 0.1 nM detection limits in 7 fL. detection volumes, for
example [143]. A three-dimensional microchannel network on chip with pressure-driven
flow that produced multi-phase laminar flows was able to perform twenty micro opera-
tions such as mixing and liquid-liquid extraction. The device was used to extract and
analyse Fe(II) and Co(II) ions using changes in absorption spectrum [144]. A simpler
device which also makes use of multi-phased flows demonstrated an LoD of 7 x 1078
M for carbaryl pesticide, two orders of magnitude lower than conventional spectropho-
tometric methods for [145]. These systems employed single wavelength excitation at
532 nm and detection at 633 nm. A tunable thermal lens spectrometer system using
a Xe lamp and monochromator as excitation source [146] enabled determination of the
thermal lens spectrum of non-scattering and turbid solutions, demonstrating a clear ad-
vantage over absorption detection by measuring the spectrum largely regardless of the
strong light scattering background. The thermal gradient required for thermal lensing
was obtained by exploiting rapid thermal conduction between the glass substrate and the
liquid, rather than by tight focussing of the excitation beam. Application to cultured
cells was demonstrated [I47] by monitoring nitric oxide release from macrophage-like
cells stimulated by lipopolysaccharide using a colorimetric reaction in a microfluidic de-
vice with localized temperature control. A successful assay was achieved within 4 hours
using 3000 cells compared to 24 hours and 10° — 109 cells for conventional batch meth-
ods. UV excitation TLM at 266 nm was employed for detection of adenine aqueous
solutions without labelling in a fused-silica microchip. The sensitivity obtained was 350
times higher than a conventional spectrophotometric method with an LoD of 1.4 x 1078
M [148]. Detection of single and multiple 50 nm gold nanoparticles was demonstrated
using TLM, as shown in Figure and their optically-driven fixation to the wall of
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the glass microchannel using the same beam was also demonstrated, having the poten-
tial for sensitive nanoparticles detection and production of microchip SERS substrates
[142). A glass microchip consisting of a microchamber for cell culture connected to
a microchannel for TLM detection was used to monitor intercellular messengers [149].
Rat hippocampus nerve cells were cultured in the microchamber to form a neural net-
work, and the retrograde messenger was then detected in the microchannel. Chirality
of low-volume liquid samples was measured in a microfluidic device by using TLM in
which the handedness of circularly-polarised excitation light was modulated [I50]. Left-
and right- circularly polarized light may be absorbed differentially in a chiral medium,
and this is detected as a modulation of the detected TLM signal. Miniaturised thermal
lens systems have been realised utilizing, for example, optical fibres, fibre wavelength
multiplexer for the two diode laser sources (658 nm excitation and 785 nm probe) and
SELFOC microlenses. LoDs of 3.7 x 10~8 M for sunset yellow and 7.7 x 10~ M for nickel
(IT) phthalocyanine-tetrasulfonic acid, tetrasodium salt (NiP) were achieved, showing a
rather small reduction in performance compared with the conventional bulk-optical de-
tection system [151]. Employing both TLM detection and fluorescence in a microfluidic
device with similar miniaturised optics yielded an LoD 6.3 nM for (NiP) and 3 nM for
Cyb5 [152].

Kakuta et al. [I53] realised a semi-automated heterogeneous immunoassay system for
brain natriuretic peptide (BNP), using TLM to detect BNP within a concentration range
of 0.1100 pg mL~! through reaction resulting in a blue-coloured product. Kitagawa et
al. [I53] used CE separation in silica fused capillaries connected to a microchannel on
a chip. The system achieved an LoD of 3.6 x 107 M for the azo dye, Sudan Red, more
than two orders of magnitude lower than that of conventional absorbance detection.
Micellar electrokinetic chromatography with sample concentration by “sweeping” [154]
reduced the LoD to 1.2 x 10712 M. Mawatari et al. [I55] used the sensitivity of the TLM
signal to focusing position to optimise precise focusing in a portable TL apparatus, in a
manner similar to the optical disk drive, using a micro-optical pick-up unit rather than a
microscope. Adjustments of the depth were made by determination of the astigmatism
of the reflected excitation beam, and the width by monitoring transmitted scattered light
of the probe beam. An LoD of 30 nM was achieved for xylene cyanol solution, with a
sensitivity between 20 — 100 times higher than that obtained by spectrophotometry. This
laboratory then presented a similar miniaturised TLM system, but with reflective rather
than transmissive optics, shown in Figure reducing alignment complexity, and only
requiring optical access from one side of the microfluidic chip. This was achieved by
forming an aluminium mirror on the reverse of the microchip. The reflected probe beam
was detected with 40 times higher sensitivity when compared to a spectrophotometer,

with an LoD of 60 nM for xylene cyanol solution [156].

Ghaleb and Georges have reviewed and analysed the use of crossed-beam systems, in
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Ficure 2.15: Illustration of the optical arrangement of a reflective thermal lens de-
tection device. Taken from [I56].

which the excitation beam and probe beam are perpendicular to each other, in compar-
ison with the collinear approach normally used in TLM. In the former case, the heated
sample acts as a cylindrical lens for the probe beam, and excitation light exhibits less
interference with detection [I57]. They subsequently performed a detailed optimization

of crossed-beam systems for chopping frequency, sample size and flow rate in fused silica
capillaries [I58].

2.8 Conclusions

Optical detection techniques are preferred in microfluidic systems due to their high sen-
sitivities. It is quite a challenge to develop optical detection systems for microfluidics
as advantages that are associated with microfluidics technologies can place high spec-
ifications upon the optics, due to the sample volumes and optical path-lengths being
extremely small. Most systems still perform the optical operations off-chip, and the op-
tics tend to be bulk instruments, such as the much used confocal microscope. Although
these allow the system to be highly configurable they hinder the progress of miniaturi-

sation to portable, robust, cheaper, and even increased sensitivity LoC solutions.

Scattering has been used to acquire size and shape information on cells in flow cy-
tometry, and progress appears to indicate further advances in interrogation of scattering

distributions, and when combined with fluorescence may yield more powerful automated
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#FACS systems. Absorption is a common method of detection in macrofluidic detection
systems, which is attractive as it often does not require labelling; but absorption poses
a problem in microfluidics due to short path lengths involved. Enhanced absorption
in microfluidic devices has been achieved in several ways, such as “multipass” systems,
improvements of on-chip integrated optics, and sample concentration steps. The most
dominant technique in use for optical detection is fluorescence. Very often requiring la-
belling of particles to be detected with fluorophores it has such a high sensitivity that the
sample preparation step is tolerated. Advances have been made in fluorescence systems
such as moving on to more stable tags, such as quantum dots, and the use of longer-
wavelength semiconductor sources for compactness, lower fabrication costs, and reduced
background fluorescence. There have also been improvements in geometrical configu-
rations by incorporating multipass parallel channels, optimisation of the fluorescence
collection angles, and the realisation of compact multiwavelength detection microchip
units. Refractive index measurements are used in several detection devices, such as mi-
crofabricated Fabry-Perot cavities for cell analysis, and evanescent field sensors using
integrated dielectric waveguides or metal films supporting surface plasma waves within
microchannels. Refractive index detection techniques are label-free but require sam-
ple separation methods such as CE to give adequate specificity of detection of particle
species. The major attractiveness of evanescent devices is that many can be produced
using standard microfabrication techniques ideal for mass-production and development
of fully integrated systems. Raman spectroscopy is gaining ground as a competitor to
fluorescence as a direct label-free methods for detection and identification of species.
Normally the Raman signal is too weak and SERS needs to be used. SERS in microflu-
idic systems is implemented either by nanostructed metal films on the microchannel
walls, which can degrade and become blocked, or by on-chip micromixing of sample
and metallic nanoparticles but is not separated from the sample after analysis. Another
method to perform Raman spectroscopy is the use of LTRS which may be used to trap
and analyse larger particles such as cells without enhancement, or species attached to
enhancing metallic particles, allowing for long signal integration times and trapped ob-
ject being held away from interfering surfaces. The uses of a thermal lens for detection in
absorption assays is making progress as a method for detection, because of not requiring
long path lengths as absorption detection. The drawback as a method is that it must
usually be combined with other complimentary detection methods or sample separation

methods such as CE to have adequate specificity of detection of particle species.

The literature has shown that optical detection techniques are extremely useful for mi-
crofluidics, and vice versa. There is still much scope for development of integrated optics
into LoC technology. Higher integration of optical components and different configura-
tions is the route to achieving integration for optical detection methods with little or
no integration yet, such as the thermal lens, LTRS, and SERS. Direct excitation as op-
posed to evanescent excitation methods are used in the majority of microfluidic systems

as it provides a greater flexibility for a device that can incorporate many of the optical
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methods available for detection. In the remainder of this thesis, absorption is not con-
sidered as it is very dependent on excitation region length and work on this has reached
maturity. Refractive index methods using evanescent fields are also not considered as
these are usually best suited for submicron-sized particle detection, and also have con-
figurations where light is delivered via the evanescent field and not directly, differing
from most other optical detection setups. The concepts and realised devices described
in the following chapters are developed primarily for fluorescence and scattering detec-
tion measurements by manipulating the excitation beam into a focus in the middle of
the microfluidic channel. Direct excitation rather than evanescent excitation are the
most useful for flow cytometry, but direct excitation means that there is an unguided
free-beam in the microfluidic channel. There is a great need for integrated approaches
to free-beam in the microfluidic channel for low cost LoC and this is the need that the
project addresses. This approach will demonstrate the potential for integration of many

of the optical detection functions described in this review.






Chapter 3

Planar Waveguides for

Microfluidics

3.1 Introduction

Integrated optics used for LoC technology has been shown in Chapter [2| to be very
useful for detection, but is still in its infancy. Direct excitation of light by a free beam
in a microfluidic channel offers a greater flexibility in design to incorporate most of the
optical detection methods previously discussed. To understand what is needed from
further integration of optics with microfluidics, a basic integrated optics system should
be studied. The basic building block of integrated optics is the waveguide and is the first
step in developing integrated optical detection systems [I59-163]. This chapter gives a
summary of planar waveguide theory followed by simulations of three dimensional (3D)

optical waveguides, based on the material system given in Chapter [6]

The simulations were done using a commercial simulation package, BeamPROP™ (by
RSoft Design Group Inc.), which makes use of the beam propagation method (BPM),
to model channel waveguides for delivery and collection of light across a microfluidic
channel. Simulations studying the channel waveguide modes and how the light diffracts
from the end of the waveguide when entering the microfluidic channel are presented. The
modelling concentrates on waveguides with single mode operation. Multimode waveg-
uides for excitation and collection in the detection of particles with integrated optics
are common in the literature. Though multimode waveguides are adequate for proof of
concept for many detection systems, with singlemode waveguides one can predictably
create more complex optical operations such as beam splitters, integrated lenses and
gratings [164] or one can achieve smaller spotsizes with single mode waveguides when

focussing the beam off-chip.

39
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3.2 Two-Dimensional Waveguides

The theory of dielectric optical waveguides has been documented at length and explained
in the literature for many years, and the reader is directed to references [164-169]. This
section will give a concise summary of the analytical solutions in two dimensions (2D)
which corresponds to the slab waveguide shown in Figure 3.1l The slab waveguide
consists of a substrate and a film on top, called the core, of higher refractive index, with
or without a cladding of lower refractive index. The core being of higher refractive index
than the surrounding medium allows for light to be guided by total internal reflection

at the interfaces of the mediums.

The 3D slab waveguide in Figure [3.1] is modelled in 2D in the y-z- plane with the light
propagating in the z-axis. This geometry allows for two sets of solutions to Maxwell’s
equations of orthogonal polarisation defined by which field, electric or magnetic, is in
the transverse plane (plane out of the page in the 2D model). The wave equation for

the transverse electric (TE) polarisation is [165]

d*E,

dy? + (k(Q]n2 - /BZ)EJJ =0, (3.1)
g
Hy == 7(*;7/1/0Ex7 (3 2)
1 By
H = —— 3.3
oo dy’ (3-3)
E,=E.=H, =0, (3.4)
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FIGURE 3.1: Slab waveguide model.
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and for transverse magnetic (TM) polarisation

d /1 dH, , B2
(= -2 )m, —o .
dy<n2 dy>+<° n? (35)
B
E, = —— 3.6
Y LUE()TLQ ’ ( )
i H,
E, = -tz .
weon? dy (3.7)
Hy=H.=E,=0. (3.8)

Solutions to these equations in the form of E = E(y)e!“*=52) and H = H(y)e!«!—F2)
describe supported modes each with unique field profile. First the TE polarisation will

be considered. The electric field across the boundaries is

Acos(kh/2 — p)e= W12 (y > h/2)
Ex(y) = { Acos(ky — ¢) (—h/2 <y < h/2) (3.9)
Acos(kh/2 4 ¢)e EWHh/2) (y < h/2)

where

Kk = k3n2 — 32 (3.10)

3% — k3n? (3.11)

i

€ = 82 — k2n? (3.12)

At the boundaries the transverse component of the electric field is continuous. Therefore,

—oAcos(kh/2 — ¢)e 7W=1/2) (y > h/2)
= q —kAsin(ky — @) (=h/2 <y <h/2) (3.13)
EAcos(kh/2 + ¢)eSWth/2) (y < h/2).

dE.(y)
dy

and from these equations at the boundary y = +h/2 the following equations are obtained
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kAsin(kh/2+¢) = EAcos(kh/2+ ¢) (3.14)
ogAcos(kh/2 —¢) = kAsin(kh/2— @) (3.15)

and rearranging leads to

tan(kh/2 + ¢) = % (3.16)
tan(kh/2 — ¢) = % (3.17)
giving eigenvalues equations
kh = mm+tan™? <§> + tan~? <z) (3.18)
K K
_ (&) _tan—1 (C
20 = mr+ tan (m) tan </{) . (3.19)

Solving Equation gives values of # and thus the modes that can be supported by
the waveguide. For the TM modes, the same method can be applied to Equation

giving the eigenvalues equations

2 2
kh = mnm+tan! <n§§> + tan ™! (n;a> (3.20)
n2k nZk
2 2
2¢ = mm+tan! <n§§> —tan~! <n§0> . (3.21)
n2k nZek

Solutions to the eigenvalue equations can be obtained using modern programming en-
vironments such as MATLAB. Introducing boundaries in a second dimension makes
analysing 3D planar waveguides more difficult than the 2D case. The next section ad-

dresses how this is done.

3.3 Three-Dimensional Waveguides

3.3.1 Waveguide Types

Slab waveguides have limited uses in planar integrated circuits and 3D waveguides are

better suited because the light is confined in two dimensions stopping losses due to
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Rib Loaded Strip Strip (or Channel) Diffused

F1GURrE 3.2: 3D waveguide types.

diffraction and allowing for guiding geometries that can steer the light on chip. 2D
waveguides are simple and, as has been described in Section the guiding is well
understood. When the propagating wave is bound in two dimensions in a dielectric
medium the problem is more difficult to analyse as the modes are not TE or TM po-
larised, but quasi-transverse electromagnetic (TEM) modes polarised in the z-axis and
y-axis. Accurate approximations can be achieved by numerical calculations of which a

comparison of numerical methods is found elsewhere [170].

Practical planar waveguides come in several geometries as shown in Figure [3.2] The rib
waveguide is formed by not etching all the way through the higher refractive index film.
The raised part in the film will have a higher effective refractive index than the etched
parts allowing for total internal reflection. The loaded strip waveguide involves having
a strip of higher refractive index than the substrate but lower than the film making
the region in the film where the strip is has a higher effective refractive index than the
rest of the film. The strip or channel waveguide can be thought of as a rib waveguide
with the slab part of the film completely removed. This geometry has the advantage of
being more symmetrical than the rib waveguide, thus simpler to analyse and gives more
regular mode fields. The diffused waveguide is another alternative usually fabricated
by diffusion or ion-exchange on the substrate giving rise to a higher refractive index

distribution in the substrate.

The following subsection explains analytical approximations to modes of 3D waveguides.

3.3.2 Rectangular Cross-sections: Marcatili’s Method

Marcatili [I71] is credited with the earliest method, still effectively used, at giving an-
alytical approximations of mode properties and field distributions. The method gives
solutions to waveguides with rectangular cross-sections, dealing with both symmetric
and asymmetric waveguides. The method involves first dividing the cross-section into
regions as shown in Figure [3.3] The model is of a rectangular cross-section with a core

region at the centre with height, h, and width, w, and are surrounded on the four sides
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FI1GURE 3.3: Marcatili’s method for rectangular waveguides.

by other regions having different refractive indices. The region at the corners are ne-
glected as there is an assumption that the modes will be confined mostly in the core,

and so will only contribute to a negligible error.

The propagating wave bound in two dimensions does not have TE or TM modes as
both polarisations. But, one polarisation will have H, = 0 and setting this in Maxwell’s
equations gives a wave equation having a predominant £, and H, in both z-axis and y-
axis and the other polarisation will have H, = 0 with E, and H, predominant described
as quasi-TE and quasi-TM, respectively. Marcatili gave the quasi-TE modes the notation
Ep, and quasi-TM mode E},, where p and q relates to the number of field peaks in the

mode. The lowest quasi-TE mode for example is EY;.

The solutions to quasi-TE modes are given here following the formulation by Okamoto
[165], and are applicable for asymmetric, as well as symmetric waveguides, in both
dimensions. The method involves analysing the regions 1, 3, 5 and regions 1, 2, 4 as

slab waveguides in the z-axis and y-axis, respectively. The field solutions are given as

Acos(kyx — @) cos(kyy — ¢) region 1
Acos(kyx — @) cos(kyh/2 — p)e w2 y=h/2) region 2

Hy(w,y) = { Acos(kyw/2 — ¢) cos(kyy — )e Va3@=w/2) region 3 (3.22)
Acos(kzx — ¢) cos(ky h/2 4 1p)eway+h/2) region 4
Acos(k$w/2 + ¢) cos(kyy — 1)tz (@+w/2) region 5

where the wavenumbers have the relation
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—kl -k +kni -5 =0 (3.23)
Yoi — kg +k°nf — % =0 i=35 (3.24)
Yyi — k2 4+ ki - B2 =0 i=24. (3.25)

Therefore, the same treatment that is applied to 2D waveguides, Section is used to

obtain the eigenvalue dispersion equations

20 = (p—1)7+tan*

2 2
Va5 —1 ( P13
—t 3.26
() - () o
2 2
k,w = (p—1)7 +tan* <n12%5> + tan~! <n12%3> (3.28)

FZ?) + tan~ ! (7:;) , (3.29)

allowing to obtain k, and k, using the relations

2 = (¢q—1)m+tan~!

kyh = (¢—1)m+tan™!

obtained from the relations in Equations [3.23] [3.23] and [3.25] The propagation constant,
B, of each mode can then be obtained by rearranging Equation [3:23]

B% = k*ni — (k2 + k7). (3.32)

The same treatment for quasi-TM modes, Eyg, can be applied. As with the analytical
2D waveguides, Marcatili’s method can be implemented in most modern programming
environments. Marcatili’s method is not the sole method used for analytical analysis
of 3D planar waveguides; another method which is discussed in the next section is the
effective index method (EIM). There have been improvements made to the Marcatili
method such as by perturbation theory, known as Kumar’s method [I72], to take into
account the corner regions. Another notable improvement which also combines EIM and

generalises the analysis is described by Chiang [173].
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FIGURE 3.4: The effective index method applied to a rib waveguide.
3.3.3 Effective Index Method

Another useful, and simple, analytical method for mode solving is the effective index
method (EIM) [165] 166, 169]. Though this method tends to give slightly less accurate
results for rectangular waveguides than the aforementioned methods, it has the advan-
tage that it can be used for waveguides with more complicated geometries such as the

rib waveguide that Marcatili’s method, for example, cannot analyse.

Essentially, the EIM converts the 3D structure of the planar waveguide into a 2D prob-
lem. A rib waveguide is given as an example in Figure for EIM. The structure is
divided into three parts in the z-z-plane corresponding to the structure’s thicker film
between two thinner film regions with effective refractive indices of n g and ngug, re-
spectively. These effective refractive indices are obtained by solving for the effective
refractive index the y-z-plane for each region which are 2D waveguides. Solving the 2D

waveguide in the z-z-plane gives the 3D modes.

Another use of the EIM, due to its transformation of a 3D structure to a 2D structure,
is to just perform this transformation. This then allows for many structures, not only
single waveguides, to be analysed as a 2D problem in numerical simulation methods such
as BPM. This speeds up numerical simulation time greatly without high loss of accuracy
and uses less memory. This use of the EIM for transformation is only valid when the

slab in the vertical dimension (y-axis) is singlemoded.

3.3.4 Trapezoidal Cross-sections

This subsection will introduce a concern that is relevant to rectangular cross-section
waveguides. It is not uncommon that fabrication processes result in trapezoidal or
quasi-trapezoidal cross-section waveguides when aiming for rectangular cross-section.
Due to the nature of etching processes, the resulting feature will be the isosceles variety
of trapezoid. Weakly-guiding waveguides of an isosceles trapezoidal cross-section have

modes approximately equivalent to rectangular waveguides of width [174] [I75], given by
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I¢ »l
] ¢ )

(3.33)

where wy and we are the top and bottom widths of the trapezoid, depicted in Figure

3.4 Beam Propagation Method

Analytical solutions for 2D and 3D waveguides have been presented. Numerical solu-
tions can give more accurate analysis of optical structures, including waveguides, than
analytical methods. The beam propagation method (BPM) is the numerical method
presented here. Its used extensively in simulating the optical structures in this work and
can handle waveguides well. It was chosen over the more commonly used finite difference
time domain (FDTD) as it has lower computational complexity and lower memory usage
with a trade-off of negligible error [165, [169].

BPM has limitations, for example, errors tend to increase in simulations with device
dimensions greater than a few centimetres and BPM does not handle angled waveguides
well [165], unless corrected by better function approximations such as the Padé approx-
imations used in BeamPROP™ [I76]. Calculation accuracy and time suffer when the
majority of the light is propagating in the evanescent field because this requires a larger

simulation window placing limits on memory.

The basic concepts of BPM are described in the following. BPM is a powerful technique
to simulate wave propagation, explained in detail in the literature and the reader is

referred to references [165, [169]. The 3D scalar wave equation is

0’F n 0’F n 0’F
ox2  Oy? 022

+ k*n?(z,y,2)E =0, (3.34)
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where F is the electric field, k£ the wavenumber, and n is the refractive index distribution.
The electric field can be expressed in two parts, a slowly varying envelope ¢, and a

propagation term along z,

E(z,y,2) = ¢(x,y, z) exp(—ikngz). (3.35)

Substituting Equation [3.35| into Equation

Vip — iano% +k2(n* —n2)p=0 (3.36)

where ng is the refractive index of the substrate and

0? 0?

v2
Note that, the 92¢/92% has been set to zero as it is considered that the field in the z

direction is slow-varying. This allows the equation to be rearranged to give,

dp .1 9 o1
Dz _Zansv ¢_Z2n5

k(n* —n?). (3.38)

The first term is the free space propagation in a material with refractive index ns. The
second term is the effect the structure, usually a waveguide of refractive index n, has on
the propagation. For small incremental distances, each term is treated independently
and calculated from a given input field alternately, the first then the second term, to give
the output field. This procedure is continued for all subsequent steps for the duration

of the simulation.

Equation [3.38]is the principal equation of BPM and it is solved at each incremental step
using numerical methods. The most commonly implemented is the split-step Fourier
method, FFTBPM, making use of the fast Fourier transform (FFT). An alternative
method is the finite difference method BPM (FDBPM) which is considered superior
and which BeamPROP™ uses [176]. FDBPM also allows for the use of transparent
boundary condition (TBC) which stop unwanted effects at the boundaries of the simu-
lation window. The next section makes use of BPM in simulating waveguides and the

excitation from a waveguide into a microfluidic channel.
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3.5 Waveguide Simulations

3.5.1 Introduction

Waveguide optical properties and dimensions control the mode profiles within the waveg-
uide. Singlemode waveguides make the system behaviour more predictable by only
having the fundamental mode supported. This yields advantages for simpler charac-
terisation of the system giving predictable spotsizes so that the light coupling between
planar waveguide and singlemode fibres (usually ~ 2 um spotsize [177]) can have better
matched mode profiles, thus lowering coupling losses and divergence of a beam when it

enters the unbound microfluidic channel.

This section presents simulations on the mode properties of planar channel waveguides,
with cladding, in particular the waveguides that are realised in Chapter [l The waveg-
uides have substrate and cladding index ny = 1.458 and core index n. = 1.474, thus
having a An = 0.016 where An = n. — ns for a wavelength of 633 nm. This wavelength
of 633 nm was used because it is a common wavelength used for fluorescence measure-

ments as there are several standard fluorophores that are excited at this wavelength.

First, a study on channel waveguides with rectangular cross-sections is presented as the
ideal channel waveguides in planar fabrication. However, in practice, planar fabrication
leads to channel waveguides with trapezoidal or quasi-trapezoidal cross-sections. There-
fore, for comparison with channel waveguides of rectangular cross-sections, a study on
channel waveguides with trapezoidal cross-sections was done. The limitations placed by
planar fabrication and the trade-off between making the waveguide as large as possible
whilst operating in the fundamental mode, to make it easier to couple from optical fibre
by having better mode matching, led to the decision of fabricating channel waveguide
widths of 2 ym. Waveguides were fabricated in close proximity and the expected ex-
tent of coupling between them is studied here theoretically. Lastly, simulations of light
entering a microfluidic channel perpendicular to a waveguide are proposed. Further
simulations were done on the free beam which defines the excitation volume within a
microfluidic channel and this is dependent on the divergence of the beam and limited

by its Rayleigh range.

3.5.2 Rectangular Cross-section Waveguides

For waveguides of height, h, the spotsize of the fundamental mode, w, is determined by
the waveguide width, w, in two regimes illustrated in Figure In the first regime,
where w is small enough for the fundamental mode to be near cut-off, more light is
guided in the evanescent field and the spotsize in both the x-axis and y-axis increases

the smaller the waveguide. In the second regime, the fundamental mode is confined well
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1st i 2nd

FIGURE 3.6: Diagram illustrating that in large width waveguides spotsize in vertical
direction is independent on waveguide width. The opposite is true for small width
waveguides.

in the core and follows w closely. The second regime is the preferred regime of operation

as the waveguides are easier to fabricate being larger than for the first regime.

Figure shows the dispersion of a rectangular of waveguide 2 um height showing

effective index of the waveguide, n.g, with respect to waveguide width. This shows that

\—o— Mode 0 =-Mode 1~ Mode 2\

e

1.468 P
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FI1cURE 3.7: Mode dispersion graph with respect to rectangular waveguide width.
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FI1GURE 3.8: Mode profiles of a simulated rectangular waveguide with a 4 pm width
and 2 pm height.

for singlemode operation the waveguide width should not exceed 2 um, the cut-off of a

second mode. The cut-off of a third mode is found at 3.8 pm.

If the waveguide is not singlemode, the first three modes expected are shown in Figure
These mode profiles are for a rectangular waveguide with 4 pm width to make sure
that these modes are supported. The modes correspond to Maracatili’s notation of EY;,
E3, and E¥), but since the modes have peaks only on z-axis the modes are referred to

as mode 0, mode 1, and mode 2, respectively.

Here, BPM simulations on the effects of waveguide dimensions on spotsize are presented.
Figure[3.9]shows the spotsize of the fundamental mode in the z-axis versus the waveguide
width with varying An for a rectangular waveguide of 2 pym height. The graph shows the
behaviour described in Figure [3.6] The first regime moves below 1 ym with increasing
An. For both regimes, the spotsize decreases with increasing An as the mode is confined
more to the core. In the second regime, the spotsize increases almost linearly with
increasing width. Figure [3.10] shows the spotsize of the fundamental mode in the y-axis
versus the waveguide width with varying An for the same waveguide. The graph shows
the two regimes. The first regime decreases with increasing An. In the second regime,

the spotsize has practically converged on to a constant value.

The effect of changing the height on the waveguide with An = 0.016 is shown in Figure
There is a small increase in spotsize in the z-axis with decrease in height. Figure
shows the spotsize in the y-axis with varying height; the spotsize increases with

increasing height.

The ideal waveguide for this project would be a rectangular cross-section waveguide.
Singlemode behaviour is ideal and therefore the waveguide can only have a maximum
width of 2 pm. The waveguide should be kept as large as possible for better coupling
to fibre and made symmetrical to minimise birefringence due to geometry, therefore a
width and thickness of 2 pm should be used. Furthermore, photolithography is made
easier and more accurate if the waveguide dimensions are kept as large as possible. The

properties of rectangular waveguides have been simulated, but the waveguides realised
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FIGURE 3.9: Spotsize of the fundamental mode in the z-axis versus the waveguide
width of a rectangular waveguide of 2 pm height with varying An.
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FIGURE 3.10: Spotsize of the fundamental mode in the y-axis versus the waveguide
width of a rectangular waveguide of 2 ym height with varying An.
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FIGURE 3.11: Spotsize of the fundamental mode in the z-axis versus the waveguide
width of a rectangular waveguide of An = 0.016 with height of 1, 1.5, and 2 pm height.
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FIGURE 3.12: Spotsize of the fundamental mode in the y-axis versus the waveguide
width of a rectangular waveguide of An = 0.016 with height of 1, 1.5, and 2 pm height.
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are known to have trapezoidal or quasi-trapezoidal cross-sections. The next subsection

simulates trapezoidal cross-section waveguides.

3.5.3 Trapezoidal Cross-section Waveguides

It was mentioned in Subsection [3.3.4] that for fabrication of real waveguides it is common
for rectangular waveguides to exhibit trapezoidal or quasi-trapezoidal cross-sections.
This is confirmed by the experimental results in Chapter [} From the microscope images
and the profiler measurements taken of the waveguides, a model of an isosceles trapezoid
with dimensions of 2 pm top width, 5 um bottom width, and 2 pym height was used for
simulations. The trapezoid angles are kept the same throughout the simulations, so
when the width of the top of the waveguide is changed, the bottom width changes by
the same amount (e.g. 1 ym top width has a 4 ym bottom width).

Figure [3.13| shows the result of simulations of a trapezoidal cross-section waveguide
showing effective index of the waveguide, n.g, with respect to waveguide width. Modes
0, 1, and 2 have cut-offs below 1 um which BPM was not able to simulate accurately. A

waveguide with this cross-section geometry with An of 0.016 cannot be to be singlemode.

The first three modes to expect are shown in Figure [3.14, These mode profiles are
for a rectangular waveguide with 4 ym width to make sure that these modes are sup-
ported. Comparing with Figure the profiles are not symmetrical in the y-axis as the

rectangular waveguides.

Simulations for the characteristics of the spotsize with varying parameters, as for rect-

angular waveguides, are presented here for trapezoidal waveguides as a comparison. The

\—o— Mode 0 = Mode 1 Mode 2\
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FIGURE 3.13: Mode dispersion graph with respect to trapezoidal waveguide width.
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FIGURE 3.14: Mode profiles of a simulated trapezoidal waveguide with a 4 pm width
and 2 pm height.

trapezoidal waveguide has a height of 2 pm. The spotsize in the z-axis versus the waveg-
uide width with varying An is shown in Figure [3.15] For the range of widths from 1
pm to 4 pm, there is no visible first regime. Subsection [3.3.4] described how an ap-
proximation for trapezoidal waveguides into rectangular waveguides can be made. The
approximation agrees well for the range of An given. Comparing Figure [3.9| with Figure
trapezoidal waveguides with top width from 1 to 3.5 pum linearly corresponds to
Weq Of 2.5 pm to 4 pm.

Figure [3.16] shows the spotsize in the y-axis versus the waveguide width with varying
An. The ngyg converges to a value with increasing width, but unlike the rectangular
waveguides the convergence is increasing, not decreasing. Again, the approximation to

a rectangular waveguide is good when comparing with Figure [3.10]

The effect of changing the height on the waveguide is shown in Figure [3.171 The An
is 0.016 and the heights are 1, 1.5, and 2 pm. Figure shows the spotsize in the
y-axis for the different heights. The spotsize increases with increasing waveguide height
in both z-axis and y-axis. This is the opposite behaviour for rectangular waveguides in

the z-axis in Figure [3.11

Trapezoidal waveguides show slight differences in optical behaviour to those of rectan-
gular waveguides, and while an approximation can be made, the differences are notable,
most noticeably in the mode profiles not being as symmetrical. The simulations have
shown that the trapezoidal waveguides have three modes for a top width down to 1 um
with a 2 pym height. As with the rectangular waveguides simulated in Section [3.5.2] the
trapezoidal waveguides should be as symmetrical as possible and as large as possible
for better coupling to fibre and easier and more accurate photolithography. A practical
aim, then, would be to make the waveguides with any top width up to 2 pm. However,

the dimensions are ultimately limited by the fabrication process.
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FIGURE 3.15: Spotsize of the fundamental mode in the z-axis versus the waveguide
width of a trapezoidal waveguide of 2 um height with varying An.
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FIGURE 3.16: Spotsize of the fundamental mode in the y-axis versus the waveguide
width of a trapezoidal waveguide of 2 pm height with varying An.
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FIGURE 3.17: Spotsize of the fundamental mode in the z-axis versus the waveguide
width of a trapezoidal waveguide of An = 0.016 with height of 1, 1.5, and 2 pm height.
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FIGURE 3.18: Spotsize of the fundamental mode in the z-axis versus the waveguide
width of a trapezoidal waveguide of An = 0.016 with height of 1, 1.5, and 2 um height.
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FIGURE 3.19: Crosstalk between two adjacent waveguides of 2 pym and 3 pm for a
length of 50 mm.

3.5.4 Directional Coupling between Waveguides

Integrated optics often requires waveguides to be in close proximity. Therefore, it is
valuable to know the coupling between the waveguides. An analytical method could be
used to analyse the coupling such as mode coupling theory [164], 165, 169]. However,
numerical BPM simulations give accurate results [165] and was the tool chosen as it was

already in use in the project.

Figure shows the loss in a waveguide due to coupling to another identical waveguide
versus the spacing of the rectangular waveguides for widths of 2 and 3 um for a length of
50 mm, which is the maximum length that realised waveguides were designed for. The
minimum spacing is 6.5 um as lower spacing gave very strong coupling. A minimum
spacing between waveguides of 8 um should be applied to mask designs as the coupling

would be at an acceptable level of below -20 dB crosstalk.

3.5.5 Excitation in a Microfluidic Channel

This chapter has used BPM as a numerical tool for analysing waveguides, but the method
is suitable to simulate complex integrated optics. This section describes a model of a
system consisting of a rectangular channel waveguide perpendicular to a microfluidic
channel. The rectangular waveguide is buried so that it is positioned at the middle of
the microfluidic channel depth. The basic system in Figure describes the layout
and dimensional parameters. These are the waveguide dimensions width w and height
h, and the microfluidic channel dimensions width W and height H. The waveguide has a
An of 0.016 with the surrounding medium n4 of 1.458 and the liquid in the microfluidic

channel refractive index, n,,, 1.33, since the fluid is assumed to be water.
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FIGURE 3.20: Model of rectangular waveguide buried on a substrate with cladding

of same material crossed by a microfluidic channel filled with water. The microfluidic

channel has a width W and height H and a refractive index n,,, the waveguides have
a width w and a height A and refractive index n. whilst that of the substrate is n.

The microfluidic channel dimensions must be determined primarily from the size of
particles one expects to pass through the channel, which will depend on application.
Default values were chosen for the simulations to reflect common values found in such
a device. The microfluidic channel parameters W and H are varied up to 100 gm and
set at 50 pum respectively, and the waveguide parameters w and h are both set at 2 ym
because this was the ideal dimensions for the rectangular waveguide in Section[3.5.2] The
values for the microfluidic channels are based on a microfluidic device being developed
at this University’s School of Electronics and Computer Science by Dr. Benazzi, itself
based upon a previous device with a smaller microfluidic channel [I78]. A wavelength
of 633 nm is used in the simulations as this is a common wavelength value for biological
analysis using LIF. The previously mentioned device uses this wavelength for detection

of auto-fluorescent algae.

The integrated waveguides guide the light to the microfluidic channel sidewall and once
it enters the microfluidic channel the light will no longer be guided and will diverge
incurring one of the largest losses in the device. Due to this divergence, not all the light

will be coupled to the waveguide at the other side of the microfluidic channel sidewall.

The BPM simulations in Figure for coupling efficiency versus microfluidic channel
width show that increasing microfluidic channel width increases the loss of transmitted
light as expected. The waveguides simulated have a height of 2 ym and varying widths
of 2, 3, and 4 pm. The graph shows that for a propagation length of 25 pym across the
microfluidic channel the efficiency is below 0.5. The trend is that the wider waveguides
have lower loss due to rate of divergence being lower because of larger spotsize from the
waveguide. The graph also shows the analytically determined coupling efficiency due to
the microfluidic channel of a Gaussian beam [168] [179]



60 Chapter 3 Planar Waveguides for Microfluidics

——2pum —=—3 pum 4 um ———Gaussme\

—_

Coupling Efficiency
© 0 © 0o o0 o o o o
- N W~ O O N O ©

e b e e b )
LU UL L L e

o

o

Microfluidic channel width (um)

FiGure 3.21: Coupling efficiency versus propagation length in a microfluidic channel
for waveguides of 2, 3, and 4 pm. The graph shows the coupling efficiency also for a
Gaussian beam with the same wq as the 2 ym channel waveguide.

- (1 n (VZ§°>2) B (3.39)

with the same size spotsize, wp, as the rectangular waveguide of 2 ym width. It is a

good approximation initially, but by 20 gm microfluidic channel width it differs due to

the mode profiles not being exactly Gaussian.

The spotsize of the mode diverging from the waveguide end in the microfluidic channel
is given in Figure The simulated results of a rectangular waveguide of 2 um height
and 2 pm width is superimposed on to analytical the Gaussian beam solution with wy

the same as the channel waveguide.

The spotsize for the Gaussian beam is given as

w(z) =wo/ 1+ (2/2r)? (3.40)

where

NyTw?

" (3.41)

ZR
The Gaussian beam is a good approximation for small propagation distances, but has
a greater divergence than that of the channel waveguide. In terms of beam profile, the

narrow waist is kept to the sidewall of the microfluidic channel. The Rayleigh range,
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FiGUurE 3.22: Simulated spotsize of light propagating the microfluidic channel com-
pared to the analytical Gaussian beam equation versus propagation length.

ZR, is the distance where w(z) = wpv/2 and for the Gaussian beam approximation it is 9
pm. This should be the prime measure used as a figure of merit for microfluidic channel

widths where the divergence is acceptable.

3.6 Conclusion

Further integration of optics into LoC technology is required for optical detection of
particles in a microfluidic channel. The 3D waveguide is the basic building block for
integrated optics and understanding waveguide properties allows for design of devices
with predictable behaviour. A basic system for direct launching of a free beam in a
microfluidic channel, using integrated optics, is to have a waveguide deliver the light
into the microfluidic channel. However, 3D planar waveguides are difficult to model and
analyse accurately due to their geometries. Whilst analytical solutions to 2D waveg-
uides have been presented, analytical approximations to 3D planar waveguides must use
methods such as Marcatili’s or the EIM, but these methods are limited to certain geome-
tries. The EIM has a second use for planar devices in general, which is to transform 3D
problems into 2D problems. Numerical methods overcome the difficulties of analytical
methods; BPM is one such tool. It has the benefit of also simulating more complex

planar integrated optics structures, and so has been adopted in this thesis.

The ideal waveguide for the material system in Chapter [6] is a singlemode rectangular
cross-section waveguide. However, the dimensions are ultimately limited by the fabri-
cation process leading to practical waveguides having trapezoidal or quasi-trapezoidal

cross-sections. The analytical methods give an intuitive feel to the nature of modes, but
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for accuracy, the numerical BPM was used to analyse channel waveguides with rectan-
gular and trapezoidal cross-sections. For rectangular cross-sections with a An of 0.016
and a substrate refractive index of 1.458, waveguides are singlemode up to a width of 2
pm. Simulations have also shown that trapezoidal waveguides have differences in some
optical properties compared with those of rectangular waveguides, and while an approxi-
mation to a rectangular cross-section can be made, the most notable differences are that
the mode profiles are not as symmetrical and the waveguide supports three modes for
top widths down to 1 pm with a 2 um height. It is difficult to realise singlemode waveg-
uides with a An of 0.016 due to the trapezoidal cross-section. However, it is possible
in practice to use waveguides with few modes in singlemode operation even for complex
integrated optics [I80]. Therefore, the practical waveguides to be adopted here should
be made to be as rectangular in cross-section as possible and have a top width of 2 ym
and a height of 2 um, which for an ideal rectangular waveguide would keep dimensions as
large as possible for better coupling to fibre, lowering fabrication tolerances, and make

the cross-section symmetrical to minimise birefringence due to geometry.

To study micron-sized particles, such as biological cells, the microfluidic channels will
need to be from a few microns up to a hundred microns in dimensions [I81]; channel
dimensions can be expected to be up to 100 ym to accommodate most cell sizes. A basic
configuration of a buried channel waveguide delivering light into a microfluidic channel
was simulated. Waveguides of 2 pym height and widths of 2, 3, and 4 ym the coupling
efficiencies that drop to 0.5 after 25 um of propagation along the microfluidic channel
width. The beam profile in the microfluidic channel is not ideal for optical detection
in microfluidics. The width of the microfluidic channel for acceptable free-beam loss
from a waveguide is determined by the width of the waveguide to reduce divergence.
However, this leads to either narrow microfluidic channels and larger spotsizes not ideal
for fluorescent or scattering measurements. The Rayleigh range for 2 um rectangular
waveguide only has ~ 9 pym. The Rayleigh range should be the prime measure used for
whether microfluidic systems need more complex optics than just a channel waveguide,
but an increase of Rayleigh range involves increasing the spotsize which for many systems
may be unacceptable. The maximum coupling loss due to beam divergence to the output
waveguide, at the other side of the microfluidic channel width, for realised waveguides is
expected to be more than 0.9. Integrated planar lenses should be built upon waveguides
to focus the light compensating for the lateral divergence in the microfluidic channel
and allow for wide microfluidic channels with small spotsizes where the waist could be

moved to the middle of the microfluidic channel.
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Planar Waveguide Lenses

4.1 Introduction

A lens is a device which transmits light with an altered phase-front, thereby performing
operations such as focussing or collimating. This is a necessary function for the on-chip
optical analysis discussed in Chapter This chapter describes the design of several
planar waveguide lenses, both refractive and diffractive types, and discusses simulations
which are suitable for integration into a generic planar particle detection device using the
fabrication process described in Chapter [6] Lens types which are suitable for compact
microfluidic systems are selected and design rules generated and structures simulated

using the beam propagation method (BPM).

The use of integrated lens structures appears in the literature for the purpose of creating
high intensity in the middle of a microchannel for fluorescence and scattering detection
methods. Many examples are polymer devices using moulding or stamping methods
of fabrication. Wang et al. [36] demonstrated a device consisting of waveguides and a
single circular focussing lens protruding into the microfluidic channel wall for scattering
measurements of microparticles, but with a drawback of perturbing the structure of the

channel and thus its flow.

Integrated systems can be designed to have input and output fibres responsible for
delivery of light directly to the lens [I82] and can also be designed by simple moulding
processes; the lenses do not interfere with microfluidic flow, as they are located away
from the microchannel [I83]. Seo and Lee [184] presented a disposable PDMS planar
microfluidic device with aligned refractive circular microlenses fabricated in the same
step as the microchannel. The device showed better sensitivity compared to a system
with a single circular lens and without a lens. The lenses were arranged as a compound
lens to reduce severe aberrations. The planar fabrication is simple and optical alignment

with microchannels was done at fabrication. The disadvantage of the design was that the

63
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light was unguided, yielding higher losses. Microfluidic lenses, made from microfluidic
lens-shaped chambers with microfluidic channels as fluid connectors, have shown some
interest as they can be tuned by changing the characteristics of the fluid in them [I85]
or the pressure of the fluid to modify the lens shape in the elastic polymers [186].

To achieve the phase changes required for a lens function either the geometries or the
refractive index (GRIN) distribution within the lens or both may be varied. Since
GRIN lenses are not considered for fabrication in this work they are also not considered
in detail in this chapter, but will be referred to for completeness. Luneburg and geodesic
lenses, though having the best performance compared to other waveguide lenses to date,
shall not be considered as they are not fabricated using planar lithographic processes
[164, 187HI90].

When designing lenses four criteria should be considered: (1) high focussing efficiency
(low aberrations and diffraction into one order if applicable), (2) predictable focal spot
size and location, (3) low loss in the lens region, and (4) easy integration into existing
fabrication processes. This chapter will not address the theory of aberrations as the
lenses described are of ideal design and aberrations would be considered to be low or
contributed by fabrication tolerances in real devices. For more in depth discussion of
the theory of aberrations the reader is directed to the appropriate textbooks [120], 191}
193]. In this chapter, the negative lens configuration is identified as the best suited
for planar device. This involved having the general expressions for defining lenses, not
just the positive lens formulations found in the literature. The use of BPM to compare
candidate lenses finds that practically the paraxial kinoform lens is the most efficient
of the candidate lenses to focus the end of a waveguide in the middle of a microfluidic

channel.

4.2 Waveguide Lenses

Planar lenses can be fabricated without any integration to waveguides [I84]. If a waveg-
uide is employed to improve the configuration of the system, the lenses have to be
designed with waveguide theory in mind taking into account modes and their effective
refractive indices. Having waveguiding structures allows for lower losses on-chip and for

other operations to be performed on the light by integrated devices.

Figure illustrates the side cross-sections of candidate lens regions created in a slab
waveguide, (a) a thicker waveguide region for a positive lens and (b) a thinner waveguide
region for a negative lens. These have the advantage that the light is confined in the
vertical dimension when passing through both regions. There will be an associated
coupling loss between modes in the lens region and waveguide. Types (c) and (d) are
weak guiding waveguides and need to be etched all the way through the waveguide for

a practically large enough index change. This has the disadvantage of no guiding in the
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Lens Waveguide
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FIGURE 4.1: Cross-section along waveguide lenses in the z-axis.

etched region, thus increasing the losses at the interfaces. Type (e), for completeness,

shows the index change created by ion exchange diffusion or implantation, for example.

4.3 The Refractive Lens

The refractive lens was the first type of lens to be developed by humans shaping trans-
parent materials for useful optical functions. Refraction is caused by a wave changing
its velocity upon entering a medium with a different refractive index to the incident

medium. Refraction has been described by the well known Snell’s Law,

n;sin 6; = n;sin 6y (4.1)

where n; and n; are the refractive indices of the incident and transmitting mediums
respectively, and 0; and 6; are the angles of incidence and transmittance of the wave

respectively taken between the normal of the interface of the two materials and the ray.

A curvature to the interface between two media with different refractive indices has been
commonly used to create lenses. Bulk refractive lenses are usually split into two groups
with respect to their shape: aspherical and spherical. Spherical lenses have proven to
be suitable for general purpose lenses but suffer from aberrations outside the paraxial
approximation. These aberrations can be reduced using a combination of lenses [120].
Spherical lenses are not, therefore, optimum for certain functions a lens performs, such as
collimating light from a point source. However, due to relative simplicity in bulk optics

manufacturing, spherical lenses are much more commonly used than aspherical lenses.
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(@) (b)

FIGURE 4.2: Hyperbolic (a) and elliptical (b) collimating refractive lenses. The shaded
areas regions of higher effective refractive index. The vertices of the lenses are at the
origin and rays illustrate its function.

In planar optics, since the lenses are modelled as two-dimensional (2D), the equivalent

to spherical and aspherical lenses are referred as circular and acircular, respectively.

To create a planar waveguiding refractive lens, there must be a difference in the effective
modal refractive indices. Refractive regions can be manufactured lithographically in a
waveguide structure by either increasing or decreasing the height of a guiding layer or
depositing another higher index layer on the guiding layer, or by doping the region.
Since planar waveguide lens fabrication does not resemble that of bulk lens fabrica-
tion, difficulties in acircular compared to circular lens fabrication do not arise since the

geometries of the lenses are determined by the masks used.

The function needed from a lens to focus a guided beam into a microchannel is to focus a
diverging point source from the end of a channel waveguide. A simple case of collimating
a point source which may then be used to perform such a function is presented. The
optimum lens shape can be calculated from Fermat’s principle which states that the
optical path of a light ray travelling between two points is stationary with variations to
the path taken [120, [193]. This means that the optical path will either be a minimum,

maximum or point of inflection with respect to variations in the path.

The optimum shape for the profile of the lens is found to be a hyperbola or ellipse
if the lens is of a higher (positive lens) or lower (negative lens) refractive index than
the surrounding medium, respectively [194]. Such lenses are depicted in Figure in
Cartesian coordinates. For a plane wave propagating along the z-axis and with the

vertex of the lens at the origin the lens profile is given by

(r—a)*  z(z)?
a? (b2

=1, x<a (4.2)
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where d is the focal distance from the lens vertex at the origin to the focal point,
and n = np/ne, np being the refractive index of the lens, and n. the refractive index
surrounding the lens. The thickness of the lens is determined by the eccentricity of the
hyperbola or ellipse and is equal to n. Therefore, it is difficult to realise an efficient lens
with low F number (F' = d/D, D the aperture) without the lens thickness becoming
impractically large because, in practice, the difference between n, and n. is likely to
be small. To overcome this, kinoform lenses using refraction and diffraction will be
introduced which provide larger aperture whilst keeping the lens thickness small and
more suited to compact chip design. Refractive lenses are considered as candidate lenses

for simulation in Section (4.0

4.4 The Fresnel Zone Plate

This section describes the most basic type of diffractive lens, the Fresnel zone plate
(FZP), which is the forerunner to both kinoforms and Bragg lenses. A propagating plane
wavefront can be divided into zones by a an FZP so that the optical path difference
between each consecutive zone to a point at distance d from the FZP is A./2, where
Ae = Ao/ne and A is the free space wavelength, as shown in Figure If a device
achieves this by blocking (by having a reflective or absorptive medium) every other
zone, the diffracted light will interfere constructively at the focal point at distance d
from the device. FZPs can function as lenses, though they are not considered efficient
optical lenses as they have several focal points corresponding to diffraction orders. The
diffraction efficiency (power of the desired diffracted order divided by the power in all
diffracted orders) is only approximately 10% [195]. This does not fully quantify the

efficiency of the system as aberrations are not taken into account.

To make FZPs more efficient, instead of blocking alternate zones, a transmissive struc-
ture (first made by R.W. Wood, as mentioned in reference [120]) is used, which retards
the wave by a phase shift of 7 every alternate zone. This increases the irradiance at the
focal point by a factor of four. This phase FZP is the basic structure to be built upon to
design and make more efficient diffractive lenses in the following sections and is referred
to as the FZP.

To design an FZP the relation of the zones for a known focal point, d, is the optical
path of the diffracted ray at the zone edge, ., for constructive interference, is equal
to the hypotenuse using Pythagoras’ theorem. This and its approximation is given by
[187, [195],
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FIGURE 4.3: The geometry of an FZP in focussing a plane wave to a point.

a2 +d* = ( AQ) (4.4)
2 = m\ d+< ) (4.5)
~ mhed, (4.6)

where m is the zone number and A, is the effective wavelength of the propagating
waveguide mode. The paraxial approximation commonly made neglects the second

order term in ..

The diffraction efficiency, which describes how much power is contained in each diffracted
order of a phase grating, can be calculated using Fourier optics [196]. Applying this
method to the FZP shown in Figure with a transmission function, ¢, defined by

+1 for 22 <a?<a2? 4
t(x) = i, , (4.7)
=1 for x4 <a°<ux; .,

The function is periodic, it can be decomposed into a Fourier series with complex coef-

ficients as follows

S cqexp<

q=—00

2 for odd
™q 1 (4.9)

cg=X"
0 for even gq.
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The diffraction efficiency 7, for diffraction order ¢ is found as

9\ 2
Ng = CqCqy = <7rq> for odd g, (4.10)

so that the maximum efficiency for diffraction into the first order is ~40%.

The Fourier optics transmission function of a thin lens is used to find the focal distances
of the FZP for an input effective wavelength A\ [196]:

t = exp (—i%ﬁ) . (4.11)

Comparing this equation with the transmission function given for the FZP in Equation
it is clear that the focal distances for the FZP are given by

dg=————, ¢ isodd. (4.12)

The focal distances are the diffraction orders of the FZP with the principal focus being
the furthest from the lens at distance d and having the strongest power, shown in
diagram in Figure [4.4] This is the main reason why FZPs suffer from high aberrations,
as the observed wavefront at distance, d, will consist of a superposition of the unwanted
diverged orders. The difference between A and ). is that the former is the actual
effective wavelength and the latter is the designed effective wavelength. The wavelength
mismatch ratio, A./\, is useful as it describes the chromatic behaviour of the FZP as

well as the effect of realising a different refractive index in the material system than

FIGURE 4.4: Diagram representing the FZPs first five diffraction order focal points,
P,. The FZP has several focal points corresponding to diffraction orders. Only the odd
orders have light focussed into to them the evens have none.
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that designed; the focussing orders do not change only the focussing distances of the
FZP orders are affected by a change in actual effective wavelength from the designed
effective wavelength. The minus sign is needed because counter-intuitively negative
orders correspond to a positive lens and positive orders to a negative lens. A correction

for this could be made by replacing ¢ with —q [197].

One may wonder if the other orders are of any use. As explained in the following
sections, kinoform and Bragg lenses improve the diffraction efficiency by directing the
power into one diffracted order. By diffracting power into a higher order the lens’ F
number (and its NA) is effectively increased and even allows for the design of efficient
multiwavelength lenses with low chromatic aberrations, which is out of scope for this
work. In this work diffracting only into the first order will allow for lower aberrations, as
tolerances for fabrication are lowered. For a detailed discussion of the design of higher
order lenses refer to [198-201]. The FZP will not be considered further as there are
better alternatives, namely, the Bragg lens and kinoform lenses which are discussed in

the proceeding sections.

4.5 The Bragg Lens

The operation of the FZP as a focussing lens and its major shortcomings in diffraction
efficiency due to diffracting into many orders can be improved in design to be more
efficient. In holography, gratings are designed with a sinusoidal modulation and as a
thin grating gets thicker it goes from the Raman-Nath regime with many diffracted
orders to the Bragg regime with one diffracted order [202].

FI1GURE 4.5: Bragg Lenses: A chirped Bragg grating with incident plane wave at an
angle to the grating is focussed.
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A lens with a sinusoidal modulation (known as a Gabor zone plate) has the well known
first order maximum diffraction efficiency of ny; = 33.8% [164, 196], working in the so
called Raman-Nath regime, has a poorer result than the FZP with its binary profile and
a first order maximum diffraction efficiency of ni; = 40%. However, if the grating is
thick enough it operates in the Bragg regime and only diffracts into one order, so that

the maximum efficiency can theoretically reach 100%.

The Q parameter gives an indication of whether a grating is in the Raman-Nath regime,
where incoming light is diffracted into several orders, or in the Bragg regime, where the

light is diffracted into one order,

2w L.

Q (4.13)

where L is the length of the grating, A, the surrounding material’s effective index, and A
the grating period. Bragg diffraction is a diffraction regime which occurs when @ 2 10
by making L large giving a thick grating. In Bragg diffraction, the diffracted ray into

order ¢ is

Ba=B;+¢K (4.14)

where B, and B, are the diffracted and incident wavevectors respectively and K the

grating wavevector with its magnitude (modulus) K = 2x/A. For a thick grating |q|

5
=
-4
—
=

(@) (b)

FIGURE 4.6: Wavevector diagrams depicting (a) focussing of a plane wave and (b)
1:1 imaging of a point source . B, and B, are the diffracted and incident wavevectors
respectively and K the grating wavevector.
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may be set to unity since only the first order is of interest. Equation [.14]is illustrated
in Figure [£.6]

A chirped Bragg grating of this type has a grating index modulation of [202]

An(x) = Anypag cos(K - 1) (4.15)

where Anpqz = np —ne and r is the ray vector. The dot product in the cosine argument

is

K-r = B(pi—pi) (4.16)

= kone(d — V22 + d?) (4.17)

where p; = 2 cos(6;) +ysin(6;) with i = p, d, the geometrical distances. The phase of the
index modulation is the phase difference between the plane and converging wavefronts.
Equation becomes

An(z) = Anmaq cos(kone(d — V22 + d?)) (4.18)

If a focussing Bragg lens is required, then the grating lines should be slanted by the

angle

b(a) = — (;) tan~? (2) ~ —;—d, (4.19)

so that the Bragg condition is met along the whole grating. The minus sign indicates the
slanting for a converging lens and a plus sign for a diverging lens. Therefore, slanting the
grating lines makes the lens converging for a plane wave in one direction and diverging

for a plane wave in the opposite direction meaning that it is not a reciprocal lens.

The diffraction efficiency for a Bragg grating operating at the paraxial approximation is
given by [164]

02 pL
Ne1 = sin <\/(m> (4.20)
~ sin®(pL) (4.21)
An

= 71— 4.22
p o= T (4.22)
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where p is the coupling coefficient. In the paraxial region, the thickness L does not
affect the diffraction efficiency significantly, so a constant thickness can be assumed. It
should be noted that the thickness should actually vary with diffracted angle because
cos; = 1 for a plane wave being focussed. For 100% diffraction efficiency the thickness

should vary, but in practice this may be ignored in the paraxial regime.

pL I
= — =1 e 4.2
\/m 2 ) l 737 57 ( 3)

L(6;) = L“;Osgd. (4.24)

The best suited lens for use in microfluidics would achieve imaging of the end of a
waveguide into the centre of the microchannel to integrate with optics devices which use
waveguides to guide light on chip. Pfeiffer et al. [203] concluded on modelling FZPs for
x-rays, that one-to-one imaging of a point source can be achieved with an FZP if it is
thick enough to operate in the Bragg regime. The configuration for such a Bragg lens
is shown by its wavevector diagram in Figure (b) and requires no slanting of the
planes because the incident angle 6; = —0; meaning that Equation for this lens the

diffraction efficiency simplifies to

(4.25)

It can be difficult to meet the Bragg condition in the central zones as that is where the
A is high and it is highest between the zeroth and first zone. This maximum grating

period, taking into account the paraxial approximation, is given by

A2 . = (x1 — 20)% = 2)\.d. (4.26)

max

Substituting A2, into Equation and holding the Bragg condition to be @ = 10.

max

The required length must be

10d

o> 4.27)
™

~ 3.2d, (4.28)

which is impossible as the central zone would have to extend over the object and image
planes. One solution is an off-axis-focus chirped Bragg grating [204, 205]. This would be

used at one end of the lens aperture, thus avoiding the central zones. The difficulty with
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this is that alignments could be more difficult to optimise and fabrication tolerances

would have to be more stringent than on-axis for the alignment.

The Bragg lens was not considered as a candidate lens for simulation because of the
impracticality due to the central zones not meeting the Bragg condition and an off-axis

alignment as an alternative would require high fabrication tolerances.

4.6 The Kinoform Lens

The FZP was not considered as a candidate lens for simulation due to poor efficiency and
the Bragg lens was not considered as a candidate lens because of the central zones not
meeting the Bragg condition. This section will introduce the kinoform as an alternative

design.

Before defining kinoforms, a short discussion on nomenclature in the literature is given
to clarify the terminology [192, [197]. The kinoform resembles a bulk Fresnel lens in its
profile and, because it is based on the function of the FZP, it may be for these reasons
that both devices are referred to as Fresnel lenses. In this thesis the term Fresnel lens

will only apply to the bulk device.

The Fresnel lens has been in use for over a 150 years and has the advantage over a
refractive lens in that it provides the same function without becoming thicker with
increasing aperture. The Fresnel lens is a bulk optical component designed by taking
the curve of a refractive lens and splitting it into arbitrary zones. Where the zones
lie, thickness can be removed from the lens whilst retaining its ability to operate as a
refractive lens for imaging or collimation of incoherent light because it is only the profile

of the boundary between two media that is responsible for refraction.

The kinoform lens provides a similar thickness reduction advantage for refractive lenses
as the Fresnel lens but at the micron scale, ideal for miniaturisation of integrated devices
using planar waveguide lenses. It can be viewed as a phase hologram or, in the colli-
mating case, as a blazed FZP. Kinoform operation is dependent on both diffraction and
refraction and applies to coherent light so that its zones and thicknesses are precisely

defined quantitatively and are dependent on the design wavelength.

The kinoform was first reported in the literature by researchers at IBM in 1969 [206] as
a new form of numerical computer designed phase hologram. However, it will be shown
in the following sections that for an ideal lens an analytical approach can be followed.
The analytical design of planar waveguide kinoform lenses is given in this section using
geometrical optics. Fermat’s principle is used to define the surface relief of the kinoform
and show the relation to the FZP zones and then the relationship of this design to a

simpler paraxial design familiar in the literature is described.
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4.6.1 The Kinoform Profile

The geometrical model for a kinoform collimating lens is illustrated in Figure [£.7] Anal-
ysis and design of a finite thickness kinoform profile for a positive lens has been presented
in the literature [195] 197, 207, [208].

This section presents the derivation using Fermat’s principle for the kinoform profile and
its paraxial approximation, showing all steps based on the equations derived by Moreno
et al. [195]. The derivation shows that the profile for the kinoform is made of segments
of hyperbolas and ellipses and how this profile shape is dependent on the refractive index

ratio of lens and surrounding medium.

To derive the kinoform profile using Fermat’s principle the optical path length from the
diffraction of the zones represented by BP and that from refraction within the zones
given by AP must equate to have the plane wave diverge onto point P at a distance d

from the lens vertex. This is given by

—npz(z) + ne(d +mAe) = ne/(d — 2(2))2 + 22. (4.29)

where all symbols have been previously defined. Defining n = n,/n. and dy = d + mA.

the equation appears simpler

—nz(z) +dy = /(d — 2(x))2 + 22. (4.30)

h
Y
N vy

FIGURE 4.7: Illustration of a kinoform in Cartesian coordinates with rays in a zone
focussing to a point where n, is the lens and n. the surrounding medium’s effective
refractive indices respectively.
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Squaring both sides and expanding the brackets, it is possible to collect up the terms as

2(x)(n? = 1)+ d3 — d® — 2z(z)(ndy — d) = 22 (4.31)

Dividing through by n? — 1 and completing the square the equation becomes

ndy —d\ > [ndy—d\*> [d}—d a2
Co- ()} - e e e

which simplifies to

ndy —d\ > (nd—dy*> = a?
— — = . 4.33
{z(x) <n2—1)} {n2—1 n?—1 (4.33)
In this form, it is clear that the equation is a hyperbola. Dividing through by {(nd —
dy)/(n? — 1)}? and with a slight rearrangement the equation can be stated in standard
form as a shifted hyperbola in the z-axis. Note that had the equation been rearranged
to assume that n? — 1 is negative, and thus use 1 —n?, it would show that the equation’s

general form is also a solution for a shifted ellipse. Therefore the general form can be

stated as,

(2(z) — 20)*  =°

2 ~ a2 =1, z(x) < zo, (4.34)

where ¢ = sgn(n,—n.), which is a clear indicator of the profile shape by using the signum
function equal to 41 for a hyperbola and -1 for an ellipse. The hyperbolic expressions

for zg, a, and b by resubstitution of n and dy are those given by Moreno et al.:

20,hyper = n2 _ 1 5 (435)
din —1) —mA,

Ghgper = T, (4.36)
din—1) —mA.

bhyper - 77,2 —1 y (437)

and for an ellipse, not given in the literature, are given by:
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d(1 —n) —nmA.

zO,ellip == 1 n2 ) (438)
d(l —n)+ m.

Qellip = ( 1 —)7’L2 ) (439)
d(1 —n)+mA.

bellip = m (440)

The thickness of the conic shape (and thus the lens) is dependent on its eccentricity

which is equal to the refractive index ratio, n, defined as

a2

Equation describes a family of curves, which may be illustrated by taking the
hyperbolic profile (n > 1) which produces a family of hyperbolas, one for each zone as
shown in Figure McGaugh et al. [208] designed and simulated hyperbola kinoforms
by introducing a line that crosses the hyperbolas behind the vertex as shown in Figure
4.8(a). This line is chosen to be the same distance from the vertex as in the case of
the paraxial kinoform. This leaves the design of how to partition the hyperbolas to the

designer by choosing a maximum lens thickness.

In this thesis, a different approach is proposed to partition the hyperbola by arranging
the beginnings of all zone segments defined to be at the plane of the vertex as shown in
Figure b) by setting z,(x,,) = 0. Rearranging the hyperbola equation and substi-

tuting in for z,,(z.,), 22 becomes,

22 = (n? —1)(22 - d?). (4.42)

m

Using Equation and Equation x2 for each zone can be rearranged to,

22 = 2mAod + (M) (4.43)

This is the familiar zone formula encountered in the literature for a non-paraxial kino-
form. The advantage of this approach is that the expression for the zone boundaries is
simpler than with McGaugh et al.’s method [208] and the design may be more tolerant

to fabrication errors as all zone boundaries start at the vertex line.

The thickness of the hyperbolic non-paraxial lens for each zone is given by,
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X A
m=3 m=3
m=0 m=0
z z

(b)

(@)
(c)

(d)

FIGURE 4.8: The hyperbola and ellipse curve families and their segmentation into

kinoform zones. The schemes used are by McGaugh et al. [208] choosing an intersecting

line behind the vertex to define and arbitrary maximum thickness for hyperbolas (a)

and ellipses (c) and the scheme proposed in this chapter by having the line positioned

on the vertex for hyperbolas (b) and ellipses (d) giving the familiar zone boundaries in
the literature.
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hin = |2Zm(Tm+1) — 2m/(m)| \/ - 1 +a2, — anjll + a2, (4.44)

the difference of two square roots. It is difficult to visualise this equation since a,, and

T, are discrete functions of m. Nevertheless, it can be made clearer by noting that as

hm is a discrete function Az? = 22, i1 22, [209] the equation can be rearranged to

2 Ax2
—\/ Tn 42 4 Som

n? —1 n2—1|"

(4.45)

In this form, it is clear that it is the difference of two square root functions shifted

relative to each other by (Axz2,)/(n? — 1) where Az?2, is given by

Az?, = ((2m + 1)Ae)? + 2).d. (4.46)
But, since 72, = (n? — 1)(z8’m — a2,) because zp,(7,,) = 0 as defined earlier,
22
B = |2m (Tmi1)| = |20 — ’”“1 +a?|. (4.47)

hm =

2 A2
zo—\/ Tm 4 STm g2, (4.48)

n2—-—1 n?2-1

Therefore, in this design, the maximum height for each zone can be viewed as a shifted

hyperbola in both axes.

.T2
(Zm(ﬂfm+1) - Z(],m)g - (Zm(l’m) - Z(),m)2 = — (TL% _m1> . (449)

For the designer it will be necessary to decide how many zones should be included in
the lens design. There is a maximum aperture that the kinoform can take due to the
geometrical definition of hyperbolas and ellipses, which is clearly evident in Equation
for a hyperbola apyper > 0 and for an ellipse 2 e5p > 0. Hence the maximum

number of zones, M, for real hyperbolic and elliptical lenses is

din—1)

. (4.50)

M hyper <

and
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d(1 —n)

Mellip < n\
e

, (4.51)

respectively.

When calculating the diffraction efficiency for the kinoform, Fresnel diffraction is used
to establish the use of Fourier analysis in optical problems. Unfortunately, this deriva-
tion of the standard Fourier optics inherits the paraxial approximation [196]. Rigorous
electromagnetic (EM) theory is normally used to calculate diffraction efficiency in a non-
paraxial optical system, but Harvey et al. [210] have worked on a non-paraxial scalar
Fourier transform theory of diffraction. This should allow for accurate estimation of the
non-paraxial kinoform’s diffraction efficiency. It may be shown that a solution for the
diffraction efficiency using Harvey’s method is close to the paraxial solution given in the

following subsection i.e. 1, ~ sinc?(a + q).

The lenses chosen as candidate lenses were the elliptical kinoform and the elliptical
McGaugh kinoform as they are considered the ideal non-paraxial kinoform lenses in

terms of the way they are derived and designed.

4.6.2 The Paraxial Kinoform Lens

The general derivation for the kinoform given in the previous subsection yields a complex
expression. In this section, a simpler expression for a kinoform profile is derived from
the paraxial approximation to the non-paraxial kinoform profile already given. The
paraxial approximation is valid for devices if, say, the F number is kept to ~5 [164], the
maximum angle of acceptance is then only ~6° (Found by tanf = 1/2F'). The paraxial
kinoform lens may also be derived by just considering the necessary phase difference, as
it is often in the literature, as shown in the following subsection, by treating the lens as

a negligibly thin device that only effects the phase at a certain plane.

To find the paraxial kinoform profile needed for the collimating operation we rearrange
the kinoform profile, Equation to,

72
z(x) =20 —ay |1+ @ (4.52)

In this form, a simplification can be made by realising that (1/b)?> < 1 in a normal
practical design because the values for \¢ < d in the paraxial region [195]. Taking the
Taylor series of the square root term, Equation becomes

z(:c):z(]—a<1+21C(§>2—81C(§>4+--~). (4.53)
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If the lens is to be used in the paraxial region then terms higher than second-order terms

are neglected simplifying it to,

2x) =2 —a <1 + 21< (”;)2) . (4.54)

By rearranging as follows,
ax?

a further approximation b?/a ~ d(n — 1) can be made as \. < d in the paraxial region

[195]. This leads to the parabolic kinoform profile commonly found in the literature,

1.2
= max - ) 4.
z(x) z (m 2>\ed> (4.56)
Zmaz = C A , (4.57)
Np — Ne
22, = 2m.d. (4.58)

Note that the square of the zone boundary position on the x-axis, x,,, is twice that of
the paraxial FZP. The kinoform is then described by one parabolic profile modulated

within a thickness given by 2,4z-

The diffraction efficiency is also described adequately using Fourier optics [196]. The

phase change to a plane wave through the lens is

2
¢ = ;(n;, —n.)z(z) (4.59)
22
= 27 |m— 2/\0d> , (4.60)
a = Z";\aw (ny, — ng,) (4.61)
n—nl\ Ao
= (n_n) oY (4.62)
D e

where A is the input wavelength, n; the actual effective refractive index of the lens
region, n, the actual effective refractive index of the surrounding medium and « the
design mis-match ratio between the actual lens and the designed lens. The transmission

function ¢ is periodic. Taking the Fourier series
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t(¢) = exp(ig) = Z Cq €XP (z 22;:2362) (4.63)

q=—00

Substituting & = x2/2\.d, for simplicity, the coefficients are calculated as

1/2 '
g = / t(&)e™ 27 ¢ (4.64)
~1/2
, 2 .
_ ezQﬂam/ e—szafe—ﬂqu d§ (465)
—-1/2
ei27ram 1 ) )
- ° - (em<a+q> _ e—m(aw)) (4.66)
m(a+q) 2i
e—i27ro¢m
= — i . 4.
g S+ a) (4.67)
The diffraction efficiency is given by
Ng = CqCq = sinc?(a + q) (4.68)
where
) sin(mz)
sinc(z) = . (4.69)
T

It is clear from Equation that a kinoform can diffract with a 100% efficiency into
any diffraction order depending on the values of a and ¢, but for this work only the
first order is of interest, as discussed in Section [f.4] and the objective is to achieve a as
close to unity as possible so as to not diffract power into higher orders. The equation
describes the chromatic behaviour of the paraxial kinoform lens because « is wavelength
dependent. The simplest method to acquire an idea of tolerances is to plot the diffraction
efficiency versus « for diffraction orders 0,-1,-2. Where the diffraction efficiency falls to
0.9 for the order -1 (the order of interest), « values can be read off. For a wavelength
of, for example, 633 nm « =~ 0.82,1.18, which corresponds to actual wavelengths of 772
nm and 536 nm, respectively, assuming the actual refractive indices are the same as
those designed. This gives a tolerance for the linewidth of light sources, for example
an LED. A lower actual wavelength moves focussed power to a higher order (|q|) and a
higher actual wavelength moves focussed power to a lower order. Chromatic aberrations
worsen in both cases, but less so for an increase in actual wavelength because the power
in the 0 diffraction order is not focussed by the lens, therefore the power will add a
lower intensity to the first order focus than if it comes from a focussed order. Although

the other kinoform lenses have not had a diffraction efficiency expression derived, it is
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expected that an expression would be similar to Equation [£.68 as discussed in Subsection
and, thus, the lenses will show similar behaviour as that of the paraxial kinoform

lens. However, a detailed study through simulation could confirm this.

While gradient index (GRIN) lenses are not considered in detail, the GRIN version of the
kinoform should be mentioned for completeness as it is an alternative design reported
in the literature [164] [I88]. Parabolic GRIN kinoforms can be made by maintaining a
constant thickness and varying the refractive index difference according to the modula-
tion described by Equation [£.56] The literature does not appear to describe a treatment
for GRIN kinoforms similar to that of Subsection E.6.1] for finite thickness of thickness

varying kinoforms.

The paraxial kinoform design, presented here, is a candidate lens for simulation of a
compact microfluidic device as the system will operate close to paraxial regime and
the true field distribution is Gaussian-like and therefore most of the power travels in
the paraxial region. There is also a trade-off with approximation and lens thickness as
diffraction in the actual lens region is reduced which means fewer phase errors at the

second lens boundary.

4.6.3 Kinoform Derived via Phase Modulation

The design of a planar waveguide kinoform via the desired phase modulation is well
documented in the literature [164, 188, 211, 212] and leads to the well known paraxial
kinoform. This design sees the kinoform as a negligibly thin phase modulator to a plane
wavefront and does not take the finite thickness into account as did the derivation in
Subsection So for completeness, this subsection will describe and discuss this
method in a similar manner to Buralli et al. [I197] and compare it with the previous
profiles already defined. The phase modulation required to focus a plane wave is depicted
in Figure [£.7] Taking the difference in the optical path lengths, the change to a plane

wave due to the lens is

m) | (4.70)

o(x) = a2m (m - "

Substituting with £ = (vd? + 22 — d)\. [197], the equation can be written in the form

#(§) = a2r(m —§). (4.71)

This is the same form as Equation and thus the diffraction efficiency for this kino-

form will be 7, = sinc?(a + ¢). This kinoform has the same zone boundaries
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22 = 2mAed + (mAe)?, (4.72)

as those defined earlier for the non-paraxial kinoform in Subsection [4.6.1] Taking the
Taylor series approximation and ignoring terms of x higher than second-order leads back
to the paraxial kinoform previously discussed in Subsection[4.6.2] From other treatments
[197), 207] it is found to be a hyperbola with different geometrical parameters compared

with the general method described in section |4.6.1

= — 4.
20 n—1 ’ ( 73)
d
= 4.74
o= L (1.74)
b o= d, (4.75)
e = 1+(n-1)>2 (4.76)

The kinoform described here could be considered non-paraxial, but the difference be-
tween it and the non-paraxial kinoforms described in Subsection [£.6.1]is that the it does
not take into account the finite thickness of the kinoform. Therefore, this kinoform was

not considered a candidate lens.

4.7 Lens Aperture

For the lenses described in this chapter, light diffracting from the end of a channel
waveguide must be re-focussed into the microfluidic channel. Consideration must be
given to whether the aperture of the lens is large enough to capture the diffracting light
efficiently; as a lens that does not capture the majority of the diffracting beam is not of

practical use.

To generate an analytical method to model the efficiency of the lens aperture, some
assumptions are required which are in line with common treatment in the literature
[165]. A Gaussian intensity profile is assumed for the beam emerging from the waveguide
end and the edge of the beam is chosen to be the spotsize (beam radius), w, which means
that more than 95% of the power is contained within the defined beam. Therefore, in
considering the efficiency of a lens aperture not all the light power is taken into account as
a Gaussian profile is of infinite extent. The lenses are designed using geometrical optics,
thus an assumption that should be considered is that the beam has an approximate

spherical wavefront beyond the Rayleigh range
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2

w
Xe

2> z2p = (4.77)
The condition that must be fulfilled for efficient collection of diffracted light for elliptical
lenses is that the diffracted angle must be less than or equal to the lens aperture angle
given by the definition of the geometrical shape and for hyperbolic lenses the diffracted
angle must be less than the lens aperture angle (angle of the asymptotes), as shown in
Figure To obtain geometrical expressions, tangents of the angles may be compared
to give simple expressions. Therefore, the condition on the tangents for a elliptical and

hyperbolic lenses must be

tan Og;rp < tan Oeps, (4.78)

where angles 0g;ry and e, are shown in Figure

The numerical aperture (NA) of the waveguide and lens, being a familiar parameter in
optics, would appear to be useful in giving an intuitive expression for this condition.
Unfortunately, the NA is dependent in the sine of the diffracted angle angle and not
its tangent leading to more complicated expressions. As will be shown, the tangent of
the angle gives simple expressions. For a diffracting beam emanating from the end of a

waveguide the tangent of its angle of diffraction beyond the Rayleigh range is [165]

2)e
wDgy

tan adiff = (479)

where Dy is the spot diameter, twice the spotsize (Dy = 2wy), of the waveguide. If

the waveguide confines the fundamental mode well then Dy can be approximated to the

5
X,
R lens

H ediff

Ny

NY

(@) (b)

FIGURE 4.9: Lens aperture angle and diffraction angle for (a) elliptical and (b) hyper-
bolic geometries where the shaded regions are of higher refractive indices.
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waveguide width. For the circular refractive lenses the tangent of the angle between the

optical axis and half the lens aperture, and assuming the thin lens maker’s formula, is

fan fions = ? (4.80)
— n-1 (4.81)
1 (n—1)
Z = 4.82
7 7 (4.82)

where R is the radius of the curvature of the lens. The tangent of the lens angle between

the optical axis and half the lens aperture for an elliptical lens is

b
tan Oje,s = p (4.83)

and for a hyperbolic lens is the gradient of its asymptotes,

b
tan Qjeps = —. (4.84)
a

Substituting the above equations into the tangent inequalities in Equation[4.78] inequal-
ity expressions can be given which must be satisfied to ensure at least 95% of the power
emerging from a channel waveguide with mode spotsize diameter, Dy, is captured by the
lens aperture. For comparison, the more familiar thin and thick circular lens conditions
are also described below. A circular refractive lens whose sides are made of intersecting

similar circles the condition for a thin lens becomes

20 1
Do thin > — 4.85
0,thin — T (n — 1) ( )
and for the thick lens
20 n
Do thick > — ————— 4.
0,thick — o (n — 1) ( 86)
where n = ny,/n.. For an elliptical lens
2\ n
DO,ellip > - (487)

_7\/1—712

and for a hyperbola
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2 1
DO,hyper > ==

— 4.88
P (4.88)

Note that the kinoform will have the same limitations as those of elliptical and hyperbolic
refractive lenses because the inequality shows it possible to have 95% of the power
collected with a given value for n and A.. Therefore, the paraxial kinoform will be

limited in practice by the same conditions.

Using numerical values approximate to the materials system being used in Chapter [6]
with the elliptical condition with Ao at 633 nm, n,, of 1.458, n. of 1.4658, the waveguide
spot diameter, Dy, has to be greater than or equal to 2.65 pm for 95% of the waveguide
power to be collected by the lens. Since full etching of the thickness of the optical
waveguiding layer is assumed in the lens region there would be a loss from the unguided
lateral dimension. This sets the minimum practical value for Dg for this material system,
in turn, placing a minimum width constraint of the channel waveguide for efficient

collection of power by the lens.

4.8 Discussion on Lenses

Several planar waveguide lenses have been described so far. This section is a summary
and discussion about which of the lenses were chosen as candidate lenses for simulation.
The lenses fall into two categories: refractive, and diffractive based on the FZP. An ideal
refractive lens, one which takes collimated light and focusses it, can be designed using
geometrical optics and Fermat’s principle. This procedure determines the lens profiles
to be conic sections, namely, ellipses and hyperbolas depending on whether the lenses
are positive or negative respectively. Section explained that a negative lens design is
preferred for lower losses because etching through the waveguide layer means that the
etched region will not guide light in the lateral dimension (y-axis), which for negative
lenses is limited to the lens region. Section [4.7] shows that for a weak-guiding system
comprising waveguide lenses the features may need to be etched entirely through the
guiding layer to achieve a practical aperture by increasing the index contrast between
the lens region and surrounding medium. This has the effect that the propagating light

will not be guided in the lens region which will increase loss in the system.

The FZP is inefficient (only 40% of light focussed into the first order) so was not consid-
ered as a lens for simulation, but it is the basis of other solutions, namely, the kinoform
and Bragg lenses. Although Bragg lenses seem attractive, their central zones do not
meet the Bragg condition and therefore Bragg lenses cannot be as efficient as kino-
forms and the off-axis versions would require higher alignment tolerances in fabrication.
Therefore, Bragg lenses were not considered for simulation. Kinoforms lenses may take

several designs due to approximations, leading to the paraxial kinoform lens, or design
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decisions on how to segment the zones, leading to the general kinoform lenses and the

McGaugh kinoform lens.

The kinoforms are generally difficult to fabricate at the extremities of their apertures
as feature size decreases [164]. D’Auria et al. [213] looked at the distance between the
last two zones for paraxial kinoform lenses to estimate how the minimum feature size
determines the maximum F number of the lens. However, this approach can be applied
to the other kinoforms. Assuming that mA. will be small because the maximum zone,
M, will not be large in practice, the same paraxial approximation can be made,so that
the small feature size, S;n, is related to the F number as s,,;, =~ 2A\.F. The ideal
smallest feature size for kinoforms is an impossible 0 pym because of the continuous
profile in a zone coming to a sharp tip due to the zone boundary, but D’Auria et al.’s
approach does not take this into account. A solution may be to use a hybrid of the the
Bragg lens and a kinoform, where a kinoform profile is used in the central zones and a
chirped Bragg grating in the higher zones [214]. This should be explored in future work

once a basic kinoform has been established.

The lens profiles are all possible analytical solutions to imaging a focussed spot into
the middle of a microfluidic channel, but it is the ease of fabrication and likely toler-
ances that determine the feasibility of making and using such lenses. Various planar
processing techniques have been employed to make the lenses, such as electron beam
(EB) lithography [187] for FZP fabrication extending to Bragg lens by EB lithography
[215], photolithography [204] and ion exchange [205] and kinoforms by EB direct writing
[188] and photolithography [189] 214] 216, 217] and by ion exchange [218] exotically by
photo-imprinting [219].

In summary, the lenses to be simulated are all negative elliptical lenses because this
configuration is better suited for fabrication than positive lenses in weak-guiding systems
that require etching through the optical layer. The candidate lenses include: the elliptical
refractive, the elliptical kinoform, the paraxial kinoform, and the elliptical McGaugh
kinoform. There is a clear trade-off between refractive index contrast, n, that would allow
for thinner lenses and higher collection efficiency from apertures; and lower refractive
index contrast allowing designs to have larger dimensions increasing the fabrication
tolerances using photolithography. Photolithography was chosen as it was the only
patterning method available at the start of this work, and is widely available and suited

to low cost mass production.
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4.9 Simulations of Waveguide Lenses

4.9.1 Approach to Models

The candidate lenses chosen for simulation were the elliptical refractive, elliptical ki-
noform, paraxial kinoform, and McGaugh kinoform. Figure [£.10] shows the profiles,
designed in MATLAB, of the candidate lenses with kinoform lenses of having 26 zones
as this is the maximum possible for the elliptical kinoform lens. To determine which
of the candidates is the best lens to be fabricated in the material system presented in
Chapter [6], simulation results are presented to model the performance of imaging a spot

from a channel waveguide into the middle of a microfluidic channel.

The quantity to be optimised for imaging a spot in the the middle of the microfluidic
channel would logically be the spotsize. However, the spotsize does not give information
on the amount of power transmitted along the device and, thus, does not give a measure
of efficiency. The spotsize along a device may also be impossible to quantify as it is a
construct based on Gaussian-like field distributions which may not be appear along all

of the propagation length. The figure of merit chosen for the simulations is the power
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FIGURE 4.10: Comparison of differing profiles of candidate negative lenses designed
for simulation in the material system described in Chapter [6] The lenses are negative
in design and the coloured areas indicate regions of lower refractive index.
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coupling efficiency of a launching waveguide mode at any point of interest along the

device is given by the square of the overlap integral

(/25 0l 0)6(z, 2} )
ffooo ¢%(z, z)dx

o= (4.89)

where ¢ is the field distribution. This is a dimensionless figure of merit comparing what

is desired and what is achieved that overcomes the difficulties with just using spotsize.

The effective index method (EIM) as described in Subsectionwas used to transform
3D models into 2D prior to BPM simulation. The 2D simulations were necessary because
3D simulations, due to computational complexity, were too demanding on time and com-
puter memory. The EIM transformation was performed using the refractive index values
of the material system used in Chapter [ at a wavelength of 633 nm. Essentially, regions
in the 2D model were given effective refractive indices calculated from the analytical de-
scription of a slab waveguide given in Section [3.2] This is a valid approximation method
because the symmetrical sandwich structure of slab waveguides that could be made are
singlemoded. The lens profiles were generated using the MATLAB programming lan-
guage, then imported into BeamPROP™ program for BPM simulations. There is also
the benefit that in BeamPROPT™ 2D simulations can have Padé order approximations

to make wide angle calculations more accurate [176].

4.9.2 Focussing Ability in a Slab Waveguide

As a first step, simulations were performed on a slab waveguide structure for all candidate
lenses shown in Figure It is useful to define the distances before and after the lens
under simulation. Define f; as the distance from the face of the input waveguide to the
vertex of the lens. This model was created in BeamPROPT™ . An example is shown
Figurewhere the elliptical kinoform in BeamPROP™ CAD to be simulated. Figure
shows the simulation of the field strength of the device.

The lenses were designed to have an object plane and image plane at 2000 pm from
the vertex. This value was chosen to keep the F number ~ 5 as found in the literature
[164]. The kinoform lenses all consist of 26 zones as this is the maximum possible for
the elliptical kinoform lens as given by Equation Varying fi, the efficiencies of

focussing for the lenses were acquired. Figures 4.14(a)[ and |4.14(b)| are the simulation

results of coupling efficiency versus the offset from the designed 2000 pm focal distance
for 2 pm waveguide, noym and 3 pum waveguide, 73,m, respectively. Both show that
the elliptical refractive lens has poor performance for the 1:1 operation compared to the
kinoform lenses. An improvement is noticeable when the waveguide width increases from

2 um to 3 pum, due to better aperture collection efficiency as discussed in Section [4.7]
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Channel Waveguide

FIGURE 4.11: Slab model.

The McGaugh lens shows an interesting flat response with respect to the offset from the
designed focal distance, 2000 um. The paraxial kinoform showing the best performance

of the candidate lenses.

The limit of 26 zones is only for the elliptical kinoform. The algorithm for generating
the McGaugh lens leads to a design with a possible maximum number of 36 zones. The
paraxial kinoform can have an infinite number of zones, although the further out the
zones the less valid the paraxial approximation inherent in the design. Therefore, to
see if there is a change in efficiency, the McGaugh and paraxial kinoform lenses of 36

and 37 zones, respectively, were simulated and the results are given in Figure The
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FIGURE 4.12: The elliptical kinoform in BeamPROP™ CAD window to undergo
simulation in a slab waveguide structure.
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FIGURE 4.13: An example from the BeamPROP™ CAD window.

McGaugh lens retains the flat response, but the overall efficiency drops compared to its
26 zone version, whilst the change for the paraxial lens is negligible. It is clear that
the elliptical refractive lens exhibits the worst performance of the candidate lenses and

therefore was not considered for further simulations.

4.9.3 Focussing into a Microfluidic Channel

The next step involved simulating the structure in Figure with the three remaining
candidate lenses: the elliptical kinoform, paraxial kinoform, and McGaugh kinoform; all
having 26 zones. The model was used to simulate the performance of the lenses focussing
into the middle of the channel. The model has an additional distance fy defined as the

distance from the second lens vertex to the middle of the microfluidic channel.

Figure [£.17) shows contour plots of f; versus f; and the efficiency, n for a 2 pm wide
waveguide system, at the middle of the 20 ym wide microfluidic channel. The paraxial
lens shows the highest efficiency compared to the elliptical kinoform and the elliptical
McGaugh lenses but has a tighter tolerance. For example, at f; at the design focal
distance of 2000 pm the efficiency is at 60% for fy at 2025 pm for a range of +15 pm.
However, this tolerance is within photolithographic constraints of alignment. The graphs

are also symmetrical allowing for f; and fs in the design to be made equal.

At this point, the decision was made that the paraxial kinoform lens was more practical

for fabrication as it shows the highest efficiency in the simulations compared to the other
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FIGURE 4.14: Efficiency versus offset from designed focal distance for (a) a two micron
waveguide and (b) a three micron waveguide.
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FIGURE 4.15: Efficiency versus offset from designed focal distance for waveguides of
two and three microns for both McGaugh elliptical and paraxial elliptical lenses.

candidate lenses. The paraxial kinoform lens also has the thinnest profile and therefore

will have a smaller unguided region.

4.9.4 Characteristics of Paraxial Kinoform Lens

After deciding to use a paraxial kinoform lens for fabrication further simulations were
done to explore more of its properties. The lengths f; and fo were fixed at 2010 ym as this
was the high efficiency configuration shown in Figure near 2000 pm. Figure
shows that a change in the effective index of the slab waveguide in the model in Figure
effects the efficiency, nopm, of the lens. An increase on the effective refractive

index of the slab can increase 72;m, peaking at 64%. It is interesting to note that,

Microfluidic Channel 4
- W/2

Channel Waveguide

FIGURE 4.16: Simulation model for a lens in a slab region with a microfluidic channel.
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FIGURE 4.17: Focussing efficiency with varying f; and fy for the (a) paraxial, (b)
elliptical, and (c¢) McGaugh lenses.
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FI1GURE 4.18: The effect on efficiency by change in the effective refractive index of the
slab region in a paraxial kinoform lens.

if the relationship between the change in effective index of the slab and the change in

temperature of the slab is empirically found then Figure would describe the thermal
stability of the lens.

The spotsize in the middle of the microfluidic channel of 20 pm width, though not the
figure of merit for simulations, is, nonetheless, an important quantity for characterising
the efficacy of the device. Figure shows a launch field with a spotsize, wq, of 1.25

pm and a spotsize of 2.05 ym at the centre of the microchannel.

The lens is designed so far for a 20 pm wide microfluidic channel. However, varying the
focal distance f; (with fo being equal to f;), Figure shows that for a focal distance
of 2000 pm and 2010 pm the efficiency only differs by a few percent with respect to a
microfluidic channel width from 20 to 200 pm. This potentially allows for scaling of the

microfluidic channel width without change in the optical components.
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FIGURE 4.19: Launch field shown on the left and the resultant reformed spot in the
middle of the microchannel after passing a paraxial kinoform lens.
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F1GURE 4.20: Efficiency versus microfluidic channel width.
4.9.5 Paraxial Kinoform Lens for Collection Optics

Placing a lens on the other side of the microfluidic channel allows for light to be col-
lected. The model for this is shown in Figure It is also interesting to know how
collection is affected with changes to input by an offset in the lateral dimension (z-axis).
Figure is an example simulation of an input with a 10 um offset. The focus in the
microfluidic channel is shifted -10 ym from the centre. The second lens collects this light

and refocusses it back into an output waveguide at 10 pm offset.

Output Waveguide

Input Waveguide

FIGURE 4.21: Simulation model for full device with a lenses for excitation and collection
in a slab regions and a microfluidic channel in the centre.
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FIGURE 4.22: BPM simulation of the electric field when the input waveguide is moved
by 10 pm.
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F1GURE 4.23: Efficiency at the output waveguide with the same position from centre
as the input waveguide.

Moving the output waveguide with the same lateral offset as the input waveguide and
observing its efficiency produces the graph in Figure [£.23] The efficiency has a general
trend to decrease, though not smoothly, which may be due to aberrations caused by the

lens being designed ideally as collimating a point source located on the optical axis.

These aberrations in imaging at the output waveguide can be further studied by laterally

moving the output waveguide around the expected offset. Figure [£:24] shows for offsets
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FIGURE 4.24: Efficiency at output waveguides at distances from the expected input
lateral offsets.

0 um to 30 pm how the efficiencies vary with varying the distance of the offset. Only
the on-axis input peaks where it is expected. The trend is for efficiencies to peak up to

2 um away from where expected.

4.9.6 Discussion

From amongst the candidate lenses, the paraxial lens was chosen for fabrication as simu-
lations have shown it be the most efficient. The fabrication tolerances are not considered
significantly more difficult than for the other candidate lenses. It was unexpected that
the kinoform should perform better in simulations than the other candidate lenses, but
it may be explained by the limitations in the analytical model for design. This is further
discussed in section .10

4.10 Limitations of the Analytical Model

The simulations have not shown 100% efficiency as expected from the theory used for
design. There are two shortcomings in the analytical design which are discussed here.
First, the analytical model does not take into account the effect of the diffraction of
a plane wave in the lens itself, leading to errors on the second lens boundary through
which the light passes. Second, the analytical model is based on the approximation that

the lens receives a spherical wavefront at its input lens boundary.

The 2D simulations show the paraxial kinoform design to be the most efficient of the
lenses. Having outlined the limitations of the analytical model, this could could be

due to the paraxial kinoform being the thinnest of the lenses and the approximations
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being adequate in practice. Furthermore, in practice, losses incurred from propagation,
scattering from imperfections and mode mismatches at interfaces, are not included in
the model or simulations because of the advantages of the use of EIM. To improve on
the performance of the design, a more detailed analytical model could be developed with
better or fewer approximations by including the effects of diffraction of a plane wave
and focussed waves. Another option would be to run BPM with numerical optimisation
methods, such as spline or genetic algorithms, which could improve the design and

simulated performance with efficiencies approaching ~ 90%, potentially achievable.

4.11 Conclusion

Integrated lenses can be used on chip to focus a beam into a small spotsize in the
middle of a microfluidic channel by imaging the end of a channel waveguide. The planar
integrated lenses discussed in this chapter have been of two types: refractive lenses and

diffractive lenses.

Refractive lenses with circular or spherical profiles are commonly used in bulk designs
due to manufacturing difficulties of such lenses. Ideal refractive lenses are designed by
Fermat’s principle giving ideal collimating and focussing lens geometries of hyperbolas
for positive lenses and ellipses for negative lenses. Conic geometries are not troublesome
for fabrication in a planar process allowing simple access to improved performance using
these acircular lenses rather than the familiar circular lenses, lowering aberrations on

the optical axis and increasing apertures.

Diffractive lenses were considered to overcome the problems with refractive lenses such
as poor lens aperture collection and large thickness. Integrated diffractive lenses stem
from the long established FZP, which is well known for its poor diffraction efficiency of
only ~40%. The Bragg lens is an extension of the FZP which can focus the light into one
diffractive order, but operating in the Bragg regime. Unfortunately, the central zones
of the lens do not meet the Bragg regime condition. This severely limits the practical
efficiency of the lens. An alternative improvement on the FZP diffraction efficiency can
be achieved by employing a kinoform profile which is essentially a blazing necessary
to concentrate the power into one focussed order. This has a theoretical efficiency of
100%, but is limited by the analytical model used to design it and, of course, fabrication

tolerances and imperfections.

Candidate lenses were chosen, namely, the elliptical refractive lens, the elliptical Mc-
Gaugh kinoform lens, the elliptical kinoform lens, and the paraxial kinoform lens. Sim-
ulations by BPM have shown, unexpectedly, that the paraxial kinoform lens is the most
efficient at imaging the end of a channel waveguide. The discrepancy is because of the
limitations of the analytical method used for designing of the lenses. The paraxial lens

was simulated to predict likely performance of focussing into the middle of a microfluidic
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channel. The lens has the ability to focus into the middle of channels as wide as 200 pym

with small change to efficiency.

The lens chosen to be fabricated using the material system in Chapter [6]is the paraxial
kinoform. This lens from among the other candidate lenses was the most efficient in
simulations; there was a 60% efficiency for imaging the end of a waveguide into the
middle of a 20 pm microfluidic channel with a spotsize of 2.05 ym. At the micron scale,
integrated optics offers potential for alternative planar devices that can image the end a
waveguide. Chapter [5| describes such alternative devices, the AWG and MMI, which use
diffraction and another phenomenon of self-imaging, respectively, to achieve focussing

of a waveguide spotsize into a microfluidic channel.






Chapter 5

Alternative Waveguide Focussing

Devices

5.1 Introduction

Integrated optical components are able to manipulate light on chip at the micronscale,
leading to the motivation to combine it with microfluidics to further LoC performance.
The state-of-the-art work being done in combining the two specifically for microanalysis
has been reviewed in Chapter 2 This showed that an important function for optical
integration is in controlling the free beam for direct excitation in the microfluidic chan-
nel enabling improvement to existing LoC optical detection systems and to incorporate
other optical detection systems into LoC which so far have had little or no integra-
tion. Chapter [3| showed that channel waveguides delivering the light to the microfluidic
channel is a poor solution for the wide microfluidic channels necessary in many microflu-
idic applications. Chapter [4] described how integrated planar waveguide lenses can be
designed to focus light from the end of a waveguide into the middle of a microfluidic
channel. This chapter introduces alternatives to planar waveguide lenses. Two other
planar devices which can achieve the necessary function of 1:1 imaging of a point source

into the middle of a microfluidic channel are described.

The first device considered is the arrayed waveguide grating (AWG) used for wavelength
filtering and routing [220]. The equations used for designing a Rowland-type AWG are
given and alternative designs discussed. The flexibility for direct excitation in microflu-
idics is discussed, but the AWG was not considered further due to fabrication tolerances
being stringent. The second device is the multimode interference device (MMI) which
is essentially a multimode waveguide which uses the self-imaging phenomenon and has
been extensively used for power splitting [221]. The equations to design an MMI are
given and, unlike the AWG, the MMI has high tolerances and was therefore fully designed

and simulated using BPM for subsequent fabrication.

103
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5.2 Arrayed Waveguide Grating

5.2.1 The Rowland-type AWG

By far the most common design of the AWG is based on two star couplers connected
together by an array of waveguides of varying length,as depicted in Figure [5.1] The
star coupler geometry is based on the Rowland mounting used in concave gratings. The
AWG can be viewed as a transmission version of a concave grating [222]. Here, the
Rowland-type AWG will be described in terms of its defining equations based on the
literature [165, 222] 223].

Input waveguides connect to the first star coupler. The light from the end of an input
waveguide diverges in the star coupler’s slab region and couples into the arrayed waveg-
uides. The arrayed waveguides are a phased array acting as a concave diffraction grating,
which gives rise to the wavelength dispersion in an AWG device. The design of the array
is such that the adjacent waveguides have a different length incremented by AL, leading
to phase differences dependent on wavelength so that the interference pattern created by
the emerging light from the grating into the second star coupler reconstructs focal points
at shifted angles dependent on wavelength coupling to different output waveguides that

lie on a circle. The function of the Rowland-type AWG is reciprocal.

FIGURE 5.1: Schematic of AWG layout consisting of a phased grating between two

star couplers. Light entering from an input channel waveguide diverges in the first star

coupler and couples to the phased grating, then enters the second star coupler wavefront

interfering in such a way as to refocus different wavelength on to the different output
waveguides. The operation is reciprocal.
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The defining equation for an AWG is its grating equation relating optical path length
through the AWG to the wavelength, A, and the grating diffraction order, m, describing
its focussing and dispersive functions. The grating equation for the Rowland-type AWG
is [223]

ngSsinb;, + nep AL + ngSsin Oy, = m, (5.1)

where ng and ng, are the effective refractive indices of the slab waveguide and the
channel or rib waveguide, respectively, S is the spacing between the arrayed waveguides

of the star coupler, and

Oin, = is/Rg, and Oy = js/Rg, (5.2)

where ¢ and j are the waveguides integer positions for the input and output slab regions,
respectively, s is the spacing between input or output waveguides, and R is the focal
length of the slab region. The difference in length between adjacent array waveguides
determined by the central wavelength, A, (the wavelength with zero angular dispersion),

is

(5.3)

The dispersive properties of the AWG are what makes the device extremely useful. The
angular dispersion is derived by differentiating Equation and taking into account
the group effective refractive index, ng, due to wavelength dispersion in the waveguides.
Assuming 6;, =~ 0y, and that the dispersion angle is small (sinf =~ ) the angular

dispersion is given by

do mA? ng

- - _ 4

df nslSC Nch (5 )
dnch

where c is the speed of light in a vacuum. From the angular dispersion, the frequency

channel spacing for the AWG is then given by

s (do\ ! s mA2 ng\ !
Af = = — — -4 . .
f Rsl ( df ) Rsl < nslsc Nch > (5 6)
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Fiber-array

Phased-array

FIGURE 5.2: Flat focal AWG coupling into fibres, taken from [226].

The frequency channel spacing is the spacing between frequencies that can be demulti-

plexed by the AWG into the output waveguides.

5.2.2 Alternative AWG Types

The Rowland-type AWG focusses its output onto a circle. Other focal lines not based
on a circle, but optimised for particular parameters are possible by using the aberration
theory of AWGs [224] based on the stigmatic points used in reflective concave gratings
[169, 225]. One such possible design is the flat-focal AWG, which has been realised in a
polymer material system [226], focussing on a straight line that can be used to couple
light directly from or to a fibre array, as illustrated in Figure [5.2] or to a photodiode
array. This configuration would be very useful for microfluidics as the focal line could
be located in the middle of the microfluidic channel being better suited for microfluidic

straight channel geometry.

There are other types of AWGs which operate by replacing the star couplers with MMIs
making use of the phenomenon of self-imaging to split power into the arrayed waveguides,
these are known as MMI-AWGs. These are not considered in this chapter, but are
discussed in Section [8.2

5.2.3 Discussion on the AWG

The AWG can be used as a lens, performing a 1:1 imaging operation of a point source into
a microfluidic channel with the spotsize determined by the input waveguide dimension
and can perform better than a planar lens described in Chapter[d] with higher efficiencies,
low aberrations, and can work efficiently at more than one wavelength. The fact that
AWGs are used for the (de)multiplexing of wavelengths implies that they are ideal
candidates for integrated planar spectrometers to be included in microfluidic systems
as demonstrated in the modified AWG used by Komai et al. [227] to measure the
spectral transmittance of liquids in the near infrared. This has also been achieved in
the visible wavelength range [228] 229] with a recently developed AWG [180]. However,

these devices involve having the microfluidic channel either in the middle of the slab



Chapter 5 Alternative Waveguide Focussing Devices 107

region or crossing an input waveguide before entering the AWG and do not achieve a

focus with a small spotsize in the microfluidic channel, the objective of the present work.

Optical detection can be performed with AWGs, as with lenses. Excitation at the AWG’s
small focal point and the AWG’s collection at a wide range of angles has the potential
in acquiring the scattering distributions of particles flowing through the microfluidic
channel. In addition, fluorescence measurements could be made and separated from the

excitation light due to the AWG’s angular dispersion.

The use of the AWG is flexible as it can be used for optical trapping, normally requiring
bulk confocal lenses, in a microfluidic channel [230]. The AWG doing the optical trapping
aids in creating more complex device configurations for optical detection methods which
have few, if any, examples of integration to date. Laser tweezer Raman spectroscopy
(LTRS) may be achievable as AWGs can multiplex and focus two wavelengths on the
same focal point, one for trapping, the other for Raman excitation. Focussing several
wavelengths to the same point would also make the AWG useful as an integrated thermal
lens microscope (TLM). An area of motivation for scaling by using integrated optics to
analyse submicron-sized particles is fluorescence correlation spectroscopy (FCS). An even
more novel use would be an AWG working as a Young’s interferometer for micro-scale
interference pattern detection whereby several beams of the same wavelength are created

along a focal line and a passing micron-sized particle affects the interference pattern.

AWGs would be a very flexible device, if integrated with a microfluidic channel. However,
the first AWG operating in the visible part of the spectrum was only recently reported
[180] by a group that have designed and fabricated AWGs for many years. AWGs
tend to be difficult to fabricate requiring stringent tolerances in fabrication to function
efficiently. The AWG was not be pursued further because of the tolerances in fabrication
are considered too high for this work. The MMI, on the other hand, is simpler to design
and has lower tolerances, since it is essentially a multimode waveguide. The MMI is

presented in the next section.

5.3 Multimode Interference Device

5.3.1 Theory of Self-Imaging in Waveguides

The Talbot effect first described over 170 years ago [231], also known as self-imaging, is a
familiar phenomenon in diffractive optics, but the phenomenon also arises in multimode
optical waveguides and it is proposed here that it can be used to image a small spotsize
beam into the middle of a microfluidic channel. This section gives the theory of self-
imaging in step-index multimode waveguides as described by Soldano and Pennings
[232]. When the multimode waveguide is designed so its length coincides with one of the

self-imaging planes at its output, it is known as a multimode interference (MMI) device.
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Multimode Region
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FI1GURE 5.3: Schematic of an MMI supporting several modes.

The MMI device usually comprises one or more singlemode waveguides at the input and
output of the multimode waveguide, referred to as the multimode region or slab region,
as illustrated in Figure Since the MMI is thin enough that the modal behaviour
in the vertical dimension (y-axis) of the waveguide can be assumed to be singlemoded,
the EIM, described in Subsection [3.3.3] can be employed to transform a 3D structure
problem into a 2D structure problem. The 2D multimode waveguide supports m modes
as depicted in Figure with mode numbers assigned by v = 0,1,...(m — 1). The
relationship between the horizontal wavenumber k2, and the propagation constant 32 is

given by the dispersion equation

Bg + k?cv = (kOnw)Q (5.7)
where kg = 27/ Ao, neo is the core index

(v+ 1)7r'

k2 =
v Wev

(5.8)
Wey is the effective width corresponding to the Goos-Hahnchen shift. For high-contrast
waveguides We,, >~ Wiarr. However, there will be little difference between the effective
mode widths and the approximation W, =~ W, corresponding to the fundamental mode

can be used. The effective width is

)\ . 20
W= Wararr + 22 (1) (02, — (5.9)

Mo
where 0 = 0 for TE and ¢ = 1 for TM, and n; is the refractive index of the surrounding

medium. Applying a paraxial approximation, k2, < (kone)?, on Equation the

dispersion equation,

(v+1)2m Ao

>~k —
Bo 0" co 4ncoWe2

(5.10)
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West and Plant [233] explore optimising MMIs using a higher number of terms from the
Taylor expansion. Returning to the paraxially designed MMI, the necessary length of
the MMI is calculated below. The beat length between the two lowest order modes can
be defined as

T Ao W2
L, = = € 5.11
Bo — B 3o (5:11)
with the propagation constants spacing
v(v+2)m
—By) & ————. 12
(Bo — Bv) 3L (5.12)
An input field ®(z,0) at z = 0 can be decomposed into modes ¢, ()
m—1
q)(x, O) = Z Cv¢v($) (5'13)
v=0
where ¢, is the field excitation coefficients given by the overlap integral
*®(z,0)¢p,(7)d
I 0@ 00 @)z _
I $3()de
The field can be described as
m—1
O(x,2) = Y cou(x) exp(i(wt — By2)). (5.15)
v=0

The exp(iwt) part can be ignored because it is implicit and the phase factor of the

fundamental mode, exp(—i/3pz), can be removed. The formula then becomes

m—1

(I)(xa Z) = Z Cv¢v($) eXp(i(ﬁO - ﬁv)z) (516)
v=0
and substituting Equation the field at a distance z = L is

m—1
O(x,2) = Z Cody(T) exp (21)(2)322)7Tz> . (5.17)
v=0 i

By inspection, the condition for having 1:1 imaging of the input ®(x,0) along the MMI

is for general self-imaging
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exp <ZU<U3—£W2)7T2> = (1) (5.18)

where N-fold images are created at planes given by

L=2L@3L), p=012,... (5.19)

N
General self-imaging is the general case for the self-imaging phenomenon. Unlike the
general case where which modes are excited are irrelevant, in restricted self-imaging only
certain modes are excited leading to imaging effects which can shorten the MMI length.
Symmetric interference where the field at the input of the MMI is symmetrical provides

possibly a useful device for the microfluidic device and imaging planes are given by

p(3L)
L= —0.1,2.... 2
4N b p 07 b b (5 O)

The design procedure for an MMI is relatively straightforward. Once the Wjyssr is
specified, then Equations and for MMI lengths of the general self-imaging and
restricted self-imaging by symmetric interference, respectively. Both of these MMIs are

simulated in the next section.

5.3.2 Simulations of MMI Devices
5.3.2.1 The MMI devices

The MMIs were designed to have three waveguide inputs and outputs of a width of 2 pm.
Section showed that a 10 pum waveguide spacing would avoid coupling, resulting
in an MMI slab region of a width of 22 ym. The MMIs were designed for imaging into
the middle of a 20 pm-wide microfluidic channel. The structure defined could then be
simulated relatively quickly as was the case with the waveguides and lenses using BPM
in Chapter [3] and Chapter [4] respectively.

The MMIs were simulated for the purposes of optical microanalysis based on the material
system discussed in Chapter[6] The MMI structure was drawn into BeamPROP™ CAD
window as shown in the simplified schematic given in Figure The MMI consists of
three input and three output waveguides. The figure of merit chosen for the simulations
is the power coupling efficiency of a launching waveguide mode at any point of interest

along the device is given by the square of the overlap integral

(2%, 6, 0)p(a, 2)dr)
ffooo @?(x, z)dx

n= (5.21)
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where ¢ is the field distribution. This is the same dimensionless figure of merit, used in
the simulations of waveguide lenses in Chapter [d comparing what is desired and what

is achieved that overcomes the difficulties with just using spotsize.

The length of the general self-imaging MMI is given by substituting Equation [5.11]into
Equation for 1:1 imaging (N=1) at the shortest length possible (p=1),

4N Wg

Lyivr = o

+ 0, (5.22)
where ¢ is the offset length needed because of the analytical approximations made. The

Lasasr is 4988 pm with a § of 40 pm for Figure [5.5

Figure shows contour plots of a propagating field amplitude in the general self-
imaging case. Figure [5.5(a)| shows the propagating field distribution when he input
waveguide 1 is excited and results in the light coupling into output waveguide 3. Like-
wise, Figure [5.5(b)| shows the middle input waveguide, waveguide 2, excited and the
output coupling to output waveguide 2. Figure shows the input waveguides 1 and
3 excited and coupling into the same positions at the output. All three input waveguides
are excited in Figure |5.5(d)| and couple into all three output waveguides. All four plots
show varying amounts of initial loss into the multimode region because divergence of the
light entering causes some of the light not to fulfil the total internal reflection condition,
but this is negligible. Figures - show interference patterns that reconstruct
the input 4 times along the length of the MMI because the inputs are symmetrical and

exhibit having symmetrical interference as described in Subsection [5.3.1

The field of the required spot to be imaged into the middle of a microfluidic channel is
symmetrical. If the input field of the multimode region of the MMI is symmetrical about
the middle of the MMI input, then only symmetrical modes are excited within the MMI
leading to symmetrical interference. This has the effect of reproducing the symmetrical

input field at one quarter of the length of an ideal general self-imaging MMI.

Output 1 2 3

T,

X

a
»

I_MMI

&
T

Input 1 2 3

FI1GURE 5.4: MMI model for simulation with 3 input and 3 output single mode channel
waveguides.
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The set of plots in Figure [5.5] is repeated in Figure [5.6] for the case of a symmetric
restricted MMI. The length is calculated from substituting Equation [5.11]into Equation
for a 1:1 imaging (N=1) of shortest length needed (p=1),

2
NeoW

. 2
oo (5.23)

Lyivr =

The difference between Equation [5.22] and Equation [5.23]is that the first term is 4 times
larger in the case of the general self-imaging MMI. The restricted self-imaging MMI
has a Lyrpr of 1247 pm with a 6 of 10 pum. Note that, in the case of Figure
where the input field is not symmetrical, the output does not couple efficiently into the
output waveguides as it does not form a 1:1 image. All the other plots in the figure show

coupling into the corresponding outputs.

Figures [5.5] and [5.6] show clearly the MMI function for general imaging and restricted

imaging, respectively. The two designs for MMIs integrated with a microfluidic channel
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FIGURE 5.5: Field amplitude of a general imaging MMI with 2 pym waveguide input
excitation at (a) waveguide 1, (b) the centre, waveguide 2, (c) waveguides 1 and 3, and
(d) all three inputs.
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FIGURE 5.6: Field amplitude of a symmetrical restricted imaging MMI with 2 pm
waveguide input excitation at (a) waveguide 1, (b) the centre, waveguide 2, (c) waveg-
uides 1 and 3, and (d) all three inputs.
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FIGURE 5.7: Simulation model of MMIs between a microfluidic channel of width W.



114 Chapter 5 Alternative Waveguide Focussing Devices

involve two MMIs either side of the microfluidic channel, one to image the waveguide
inputs into the middle of the microfluidic channel and the other to collect from the middle
of the microfluidic channel. Simulations can indicate how the system will behave with a
water filled microfluidic channel. A simple schematic of such a design in BeamPROP™

is shown in Figure

5.3.2.2 The general self-imaging MMI with microfluidic channel

The presence of the microfluidic channel affects the offset length needed for the MMI
to function. Therefore, simulations of the coupling efficiency in the middle of the mi-
crofluidic channel were done for the general self-imaging MMI. Figure |5.8(a)| shows the
coupling efficiency for imaging into the middle of microfluidic channel versus the offset
length between -100 and 100 um with an efficiency peak at 0.76 for a 15 pum offset
length. There is negligible light coupling into output positions 1 and 3. Moving inputs
from waveguide 2 to 1 as shown in Figure the efficiency peaks at 0.76, but with
an offset length of 40 um, again, with negligible power coupling to the other two output
positions. Figure shows the efficiency with all inputs active. The peak for position
2 is 0.93 at offset length of 25 pum, but the peak for the side positions 1 and 3 is 0.83 at
40 pm. The graphs in Figure do not have their peaks in efficiency at the same offset
lengths because of the approximations in the analytical designs and the Goos-Héhnchen
shift. To choose the offset length necessary for maximum efficiency it was decided to
take the peak for the side waveguides in Figure because at this offset the efficiency
at waveguide 2 is still higher than the side waveguides. Comparing this with the other
graphs at offset length of 40 um, the efficiency is still as high as 0.70 with only a side

waveguide excited, Figure [5.8(b)l or middle excitation, Figure |5.8(a)|

Once imaging has been optimised for the middle of the microfluidic channel, then the
spotsize expected at the middle of the channel is calculated. The lefthand column in Fig-
ure 5.9 show plots of the field amplitude propagating along the device and focussing into
the microfluidic channel for different input waveguides excited and the righthand column
shows the corresponding field amplitude distribution in the middle of the microfluidic
channel. The case of excitation from waveguide input 1 is shown in Figure re-
sulting in a spotsize of 1.69 pm. Excitation from the middle waveguide, waveguide 2, is
given in Figure[5.9(c) and gives a spotsize of 2.22 um. Excitation from input waveguides
1 and 3 is given in Figure resulting in a spotsize of 1.55 pm. The spotsizes for
the different excitations are larger than the launch spotsize of 1.25 ym. This is due to
the image not being perfectly reconstructed because of the accumulating relative phase

shifts between modes due to the paraxial approximation and Goos-Hahnchen shift.
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F1cURE 5.8: Efficiency in the middle of the microfluidic channel versus offset length
for a general self-imaging MMI with different inputs excited.
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FIGURE 5.9: Field amplitude of the general imaging MMI.



Chapter 5 Alternative Waveguide Focussing Devices 117

|— 520 ym — 340 ym — 3 60 ym

Coupling Efficiency
© 0o 0o o0 o0 o o
W b~ OO N 0O © =
| | | |

o O
=
! !

20 40 60 80 100
Position across microfluidic channel (um)

o
o

F1GURE 5.10: Coupling efficiency of general imaging MMI across the microfluidic chan-
nel for § offset length of 20, 40, and 60 pm.

The microfluidic channel width in the model in Figure [5.7] was set to 100 um. Figure
shows the coupling efficiency of a general self-imaging MMI across this microfluidic
channel width for §, the offset length, of 20, 40, and 60 pum for excitation at input
waveguide 2. The MMI was optimised for a microfluidic channel of 20 pm width and
corresponds well with the graph in Figure with the offset length of 20 ym having
the highest efficiency at 10 pym in the microfluidic channel (the middle of a 20 pum
microfluidic channel). The shape of the curves gives information on the free beam across
the microfluidic channel where lower efficiency from the peak efficiency corresponds to
lower local peak intensity. The curves in the graph have similar shape, which is shifted
by the offset length with approximately -1 pm shift in the microfluidic channel per
1 pum of offset length. Therefore, only the MMI offset needs to adjusted for a given
microfluidic channel size and with increasing the microfluidic channel for this MMI will

lead to negative offset length.

5.3.2.3 The restricted self-imaging MMI with microfluidic channel

The general self-imaging MMI was simulated for imaging into a microfluidic channel in
the previous section. Here, the restricted self-imaging MMI is simulated for imaging into
a microfluidic channel. Figure[5.11(a)|shows the efficiency of imaging into the middle of
microfluidic channel with an excited input at waveguide position 2. The peak efficiency
for the output position 2 is 0.88 for an offset length of 10 pm. Figure is the
same but with the input at position 1 and the efficiency is not above 0.23 for any output

position because this MMI can only image symmetrical input fields. For an excitation
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F1cURE 5.11: Efficiency in the middle of the microfluidic channel versus offset length
for a restricted self-imaging MMI with different inputs excited.
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FIGURE 5.12: Field amplitude for the restricted imaging MMI.

of all inputs shown in Figure the peak efficiency is 0.88 for an offset length of 5
pm for position 2 and peaks at 0.85 for an offset length of 10 pm for the side position,
1 and 3.

The spotsize expected at the middle of the channel for the restricted self-imaging MMI
is given in Figure The left column in Figure shows plots of the field amplitude
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F1GURE 5.13: Coupling efficiency of restricted imaging MMI across the microfluidic
channel for § offset length of 5, 10, and 15 pum.

propagating along the device and focussing into the microfluidic channel for different
given inputs, while the right column is the corresponding field amplitude in the middle
of the microfluidic channel. The excitation from waveguide input 1 is shown in Figure
but the MMI cannot image non-symmetrical input fields so the field in the
middle of the microfluidic channel in Figure does not resemble the input field.
The case of excitation from the middle waveguide, position 2, is given in Figure
with a spotsize of 1.74 pym at the middle of the microfluidic channel. Excitation from
input waveguides 1 and 3 is given in Figure and results in a spotsize of 1.50
pm. The spotsizes are larger than the launch spotsize of 1.25 pum, but smaller than
the spotsizes for the general self-imaging MMI. This can be explained as the light has
propagated for a shorter distance in the restricted self-imaging MMI than the general
self-imaging MMI, so that the modes have not accumulated as much relative phase shift

due to the analytical approximations of the design.

Figure shows the coupling efficiency in a restricted imaging MMI across the mi-
crofluidic channel width of 100 pum for the offset length of 5, 10, and 15 um for an
excitation at input waveguide 2. The MMI was optimised for a microfluidic channel of
20 pm width and this is shown by the optimum offset length of 10 pm peaking at 10 ym
across the microfluidic channel width, which corresponds well with the optimum offset
length in Figure The shape of the curves gives information on the free beam
across the microfluidic channel, where lower efficiency from the peak efficiency corre-
sponds to lower local peak intensity. The curves decay more rapidly than for the general
self-imaging, shown in Figure MMI due to the shorter restricted self-imaging MMI
lengths lowering the effects of the Goos-Hahnchen shift and giving a better quality beam.
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The curves are similar, but shifted along the microfluidic channel width at approximately

-1 pm of microfluidic channel width per 1 pum offset length.

5.3.3 Discussion of the MMI

The MMI is essentially a multimode waveguide of suitable length to utilise the self-
imaging phenomenon, where the excited modes interfere as they propagate to recreate
either single or multiple images of the input field. Though normally used in integrated
optics for coupling and power splitting, the MMI has recently been used for LoC detec-
tion applications: chemical sensing [234], gas sensing [235], and fluorescence detection
[236].

The analytical treatment for weak-guiding waveguides does not describe the behaviour of
the MMI perfectly because of the Goos-Hahnchen shift, so that the approximations can
become invalid. One solution is to have air gaps [237] on both sides of the multimode
region increasing the refractive index contrast without changing the material system.
There is loss in image reconstruction as the modes accumulatively become out of phase
with one another. The other effect of weak-guiding MMIs is the extraneous or pseudo
self-imaging, not predicted by the analytical treatment and not dealt with in this work,
which occurs at planes before the desired image plane has been studied [233] and utilised
in realised MMIs [238, 239] to make two-wavelength filters.

The MMI has several design advantages over lenses for microfluidics. Imaging from an
MMI is along a flat plane ideal for microfluidic integration. The MMI being essentially
a wide multimode waveguide allows for high fabrication tolerances. The weak guiding,
while reducing the image quality, also improves fabrication tolerances. Simulations of
the MMIs compared to simulations of the lenses, in Section[4.9] show that the MMIs have
higher efficiencies than the lenses focussing into the middle of the microfluidic channel
as the light is guided right up to the microfluidic channel, thus lowering losses. However,
the general self-imaging MMI when imaging the middle waveguide has a spotsize of 2.22
pm which is larger than the paraxial kinoform lens’ spotsize of 2.05 pum because of the
accumulating phase lags between modes. The restricted MMI solves this by reducing
the propagation length and the resultant imaging exhibits both higher efficiency and a
reduced spotsize of 1.74 pm.

5.4 Conclusion

Two planar integrated optical devices which perform focussing functions into the middle
of a microfluidic channel have been presented in this chapter as alternatives to lenses,
namely the AWG and the MMI. The AWG and MMI have the potential to be used in
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several complex detection systems such as scattering, LTRS, or thermal lens where bulk

optical components are normally used.

The AWG is a transmission grating that can be used for integration with a microfluidic
channel with the advantage of focussing for a several wavelengths with low aberrations.
The AWG could provide high flexibility for microfluidics. The geometry of the AWG
does not have to be based on the Rowland mounting and can be designed to focus at
having different wavelengths along a straight line, which is ideal for working with a
straight microchannel detection region. However, only recently has an AWG operating
in the visible range been demonstrated and fabrication tolerances tend to be stringent for
AWGs to function efficiently. For these reasons, the MMI was preferred for experimental
studies and has been designed and simulations presented as a device for focussing into

a microfluidic channel for subsequent fabrication.

The MMI is a device that uses the self-imaging phenomenon and is relatively simple to
design and fabricate because it is essentially a multimode waveguide with given length
to image the input plane to the output plane. If only certain modes are excited at the
input plane of the multimode region of the MMI, such as a symmetrical modes, then the
MDMI can have its length reduced by a factor of 4 which improves its imaging by reducing
the accumulating phase lags between modes caused by the paraxial approximation used
for design and the Goos-Héhnchen shift.



Chapter 6

Fabrication of Integrated Optics

for Microfluidic Devices in (Glass

6.1 Introduction

Increased integration of optics in microfluidic devices is required to further LoC technol-
ogy as reviewed in Chapters[l]and [2] A higher level of optical integration to manipulate
free beams in microfluidic channels for direct excitation of cells or particles was iden-
tified as an area of improvement. To achieve this, integration of optical functionality
using waveguides, lenses, and MMI devices was studied theoretically for focussing of the
free beam from the end of a channel waveguide into a microfluidic channel to improve
performances in optical detection at the micronscale. This chapter describes the planar
fabrication procedure developed for integrating optical components, namely, waveguides,
lenses and MMIs, for a detection device in a SiOs-based system. The basic structure is

simple and flexible, using a two-mask process with minimal alignment in fabrication.

To simplify fabrication a simple design ethos was employed. A flexible waveguide “sand-
wich” structure of a buried optical layer aligned to the centre of the microfluidic channel
is proposed, so that optimisation of the microfluidic method of focussing the particle
to the centre of the microfluidic channel is available. The deposited optical waveg-
uiding layer can then be patterned to make a wide range of planar integrated optical
components for microfluidic analysis. The first stage of the fabrication optimisation is
to make slab waveguides and optically characterise them by measuring the refractive
index of the waveguide layer. Once this is known, the optical components can be de-
signed. Microfluidic channels need to be from a few microns up to a hundred microns in
cross-sectional dimensions to study micron-sized particles, such as biological cells. On
top of the waveguides, there must be a deposited cladding layer to protect the waveg-

uides, achieve symmetry, and bury the waveguides to the middled of the microfluidic

123
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FIGURE 6.1: Illustration of the cross-section of the flexible sandwich structure. The

base is the substrate (white), the optical waveguiding layer is deposited on top (red),

the cladding (white), the etched microfluidic channel (blue) and the lid fixed on top
(yellow).

channel sidewall. Finally, a lid is attached to seal the microfluidic channel; the device

cross-section is illustrated in Figure [6.1

Patterning the waveguide layer can create either rib or channel waveguides similar to
configurations mentioned in the literature [166] 212]. This layer can also be patterned to
include waveguide lenses and MMIs to manipulate light by focussing, so that, for exam-
ple, the effects of divergence of an incoming beam can be controlled in the microfluidic

channel.

6.2 SiOy-Based Material System

6.2.1 Glass for Integration

Use of glass technology from the communications field can result in high quality optical
microfluidic devices [I159]. Silica glasses have good optical properties, such as low ab-
sorption in the visible range and the autofluorescence which contributes to background
signals in detection systems is lower than in most commonly used polymers [240]. Glass
has proven to have good bio-compatibility and existing MEMS technology can be used

for microfabrication.

The fabrication process selected here was silica based due to silica glass having the good
properties forementioned. A waveguide system with a microfluidic channel as shown in
Figure would ideally require smooth walls to reduce unwanted scattering of light
at the interfaces and vertical walls for the light to propagate towards the collecting
waveguide. In practice, a compromise is usually met which depends on the selectivity of
any necessary masks and the material to be etched to the etchant used, and dimensions
to be achieved. To achieve straight sidewalls an anisotropic etch such as ion beam
milling, reactive-ion etching (RIE) or deep RIE (DRIE) process can be used, but the

choice is strongly dependent on required aspect ratio.
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6.2.2 Waveguides in Glass

The buried waveguide layer should have a selectivity for etching of ideally 1:1 with
respect to the substrate and cladding, so that there is a smooth wall and not an undercut
or notch feature produced by the etching, to minimise scattering loss at the interface and
loss due to unwanted refraction. One way to achieve a material with similar properties
to the silica cladding is to have a two glass mixture of mostly silica. Germania (GeOz)
which is commonly used material systems to make fibre-optics [241] may be used as a
dopant. Germanium is the next element of group IV in the periodic table from silicon and
germania has similar chemical properties to silica with its refractive index being higher.
An alternative is to use a material such as tantala (TagOs). While it is molecularly
much larger than silica and has a very high refractive index of approximately 2.1 at 633

nm [242] 243], only a very small concentration would have to be used as dopant.

Percentage weights for SiO9:GeQOs of 75:25 %wt and for SiO9:TasO5 of 89:11 %wt targets
were selected for the doped silica to give a deposited film of refractive index difference
to undoped silica of ~ 0.015. The concentrations used were estimated from data in the
literature [242-245]. The refractive index of the deposited films are described in Section
and Section [6.5] The value of ~ 0.015 was chosen using the modelling of rectangular
waveguides in Chapter[3] The core of the waveguide has to have a high enough refractive
index to guide the mode mostly in the core of the waveguide to able to have good control

over the spotsize.

6.2.3 Other Material Systems

The material systems used for microfluidics and integrated optics systems fit into three
categories: glasses, polymers, and silicon. Glass has already been discussed as the
material of choice for this work. Here though, the latter two categories are briefly

described for completeness.

Although silicon processes are well established, it is not a good optical material for
propagating light in planar waveguides at the visible wavelengths, so it is not normally
used in optical detection in microfluidics, unless the microfluidic channel and optical
waveguides are made on a glass layer [39]. This of course does not apply to microfluidics

with no on-chip optics.

Polymers, such as polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA),
have become very popular materials to work with for microfluidics. PDMS has a low
autofluorescence, is transparent from wavelengths of 235 nm to the infra-red, and is con-
sidered non-toxic to cells and proteins [2406, 247). Becker and Locascio [248] published
a review on the use of polymers for microfluidics. Polymers are considered to have ad-

vantages for microfluidics, such as quicker fabrication allowing for rapid prototyping for
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low number of devices, usually not requiring a cleanroom facility, and cheap fabrication

costs. Although polymers are generally considered to give poorer optical performance

than traditional materials, in Becker and Locascio’s opinion this may not always be the

case with advances in polymer technology.

TABLE 6.1: Steps for fabrication of devices.

’ Step

Description

Buried Optical Layer
Step 1
Step 2
Step 3t
Step 4
Step 5
Step 6
Step 7
Step 8
Step 9
Step 107

Microfluidic Channel*
Step 11
Step 12
Step 13
Step 14

Dicing & Polishing
Step 15
Step 16
Step 17

Step 18
Step 19
Step 20

Seal Microfluidic Channel*

Acetone and TPA wash of substrate.
Deposit 2 um of doped silica by sputtering.
Anneal for 1 hr at 500 °C.

Spin on positive photoresist (S1818).
Photolithography.

Etch 2 um deep pattern by ion beam.
Acetone and IPA wash of substrate.
Plasma clean using RIE.

Deposit 4 pm layer of silica by sputtering.
Anneal for 6 hr at 950 °C.

Spin on negative photoresist (SU-8 10).
Photolithography.

Etch 8 - 9 pum deep pattern by ion beam.
Remove residue in fuming nitric for 10 min.

Attach samples together with wax.
Saw the substrate to separate the two chips.
Lap and polish device ends.

Glass cover-slips 150 - 170 pm thick cut to size.
UV glue applied.
Flood with UV for 30 s to set glue.

T The anneal steps’ difference is explained in Subsection
* Steps which were modified from original plan, discussed in Section




Chapter 6 Fabrication of Integrated Optics for Microfluidic Devices in Glass 127

6.3 Fabrication Process Used

6.3.1 Fabrication Steps

The choice of using SiOs-based material system was made because of its optical quality
and robustness, the standard processing used, chemical compatibility, and compatibility
with fibre-optics. The fabrication process for the device is outlined in Table though
fine details of steps, such as the photolithographic steps, have been omitted from the
table for clarity.

The fabrication is accomplished in only a two-mask process, one for etching and pattern-
ing the optical layer and the other for etching the microfluidic channel. The process can
be thought of as being split into four main phases: fabrication of the buried optical layer,
steps[1]to [10] fabrication of the microfluidic channel, steps[11]to [14], dicing and polishing
of the samples, steps [I5] to 20} and sealing of the channel steps[I§ to[20] The remainder
of Section describes the methods used and elaborates on complicated steps.

6.3.2 Sputtering for the Deposition of Films

The first necessary step was to obtain an optical waveguiding layer for the optical com-
ponents to be patterned in. Subsection [6.2.2] mentions GeOy and TasOs5 as dopants for
silica. Both composite materials were deposited on fused silica substrates. Deposition

was done by sputtering from the custom-made targets (from Testbourne Ltd).

Radio frequency (RF) sputtering of thin films of composite materials such as GeO2:SiO2
[249] and Tap05:5102 [242] has been successful at producing films of controllable re-
fractive index. RF sputtering is depicted in Figure [6.2] and works by creating a 13.56
MHz alternating voltage across two electrodes in a vacuum chamber. For sputtering to
deposit material from a target to a substrate the target must be on the cathode and

the substrate on the anode. Ions are accelerated towards the cathode and bombard the

Vacuum
Ar, O, —> —
’\D 13.56 MHz
Target ——

on cathode /‘ j:r o,
Substrate/ L

on anode

FIGURE 6.2: Illustration of an RF sputterer.
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FIGURE 6.3: Deposited thickness of GeO4:Si05 and Tay05:SiOs films versus time.

TABLE 6.2: Sputtered deposition rates of GeO2:Si09, Tas05:S5104, and SiO, films.

Material Deposition Rate

(nm hr—1)
G6022SiOz 358
TaQO5ZSiOQ 279
Si09 207

target dislodging material which deposits on to the surface of the substrate. In standard
plasmas Ar gas is used, but Oz gas is also pumped into the chamber to oxidise any Ge

and Ta atoms.

The conditions used were a magnetron power of 300 W, the gases pumped in at 20
scem and 5 scem for Ar and Os respectively, and a chamber temperature of 20 °C. The
measured deposition thickness with respect to time for GeO2:S109 and Tas05:Si04 films
are shown in Figure and for SiOg in Figure The corresponding deposition rates
are given in Table It is notable that the composite films are deposited at a faster
rate than pure SiOo and that GeO2:SiO2 has a faster deposition rate than TaoO5:Si0s.
From the deposition rates it was calculated that for an optical film thickness of ~ 2 um,
the Ge02:S109 would require deposition time of 5.5 hours and the TagO5:Si09 a time
of 7.0 hours. The cladding of 4 um is seen from the graph to need 20 hours.
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FIGURE 6.4: Deposited thickness of SiOs film versus time.

6.3.3 Annealing

In glasses, annealing is useful to oxidise the material and reduce stresses within the
materials of newly deposited layers, which serves to reduce optical losses within the
material by lowering scattering, homogenising the refractive index of the film to that of
the oxides, and reduces absorption due to oxygen vacancies. A tube furnace was used to
anneal with an oxygen flow of 2 L min~!. Step [3| was based on the scattering losses of
slab waveguides obtained in Section The tube furnace was pumped at a rate of 10
°C min~! and left to dwell at 500 °C for 60 mins. The cooling was not. controllable by

1

the tube furnace, but was programmed nonetheless at a cool rate of 10 °C min™" and

cooled naturally.

While this process yielded acceptable results for step [3] at step however, patterned
channel waveguides did not guide after the cladding was deposited and step [3| was re-
peated. Films of GeO2:SiO2 have been annealed for longer at higher temperatures [250],

so the devices were put in the tube furnace at 950 °C for 6 hours.

6.3.4 Photolithography

Photolithography was used for patterning of the optical components in the deposited
composite film and the microfluidics, once the cladding is deposited, in the device. The
designed masks for the optical components and microfluidic channels were made. The

process steps for photolithography are illustrated in Figure [6.5

The first step is to spin photoresist on top of the substrate with deposited film and

softbake. For patterning the optical layer a positive photoresist were used. Spinning of
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S1818 was ramped up to 500 RPM for 2 s, then to 5000 RPM for 60 s. Softbaking was
done in a convection oven for 30 minutes at 90 °C. The softbaked photoresist is firm
enough for exposure. The mask is aligned and placed in hard contact with the photoresist
in a mask aligner which then exposes it to UV light with energy density of 90 J cm™2.
The pattern is developed with MF390 developer for 45 s and then a final hardbake at 120
°C for 30 minutes is done a convection oven. The patterned photoresist is not perfectly
rectangular in cross-section by inspection from a microscope, which combined with ion
beam etching’s faceting effect will give waveguides with quasi-trapezoidal cross-sections
as described in Subsection [6.7.11

The reactive ion etcher (RIE) is essentially a sputterer that has as its plasma a reactive
gas which can etch materials. A RIE can be used for plasma cleaning (or ashing) using
plasma of Oy and no gas reactive to glass. This removes any organic materials on the
surface and is used to remove stubborn deposits of remaining photoresist, the residue,

so that the patterned layer is ready for the SiOs cladding to be deposited.

The photolithography step for making the microfluidic channel was done using a thick
negative photoresist, SU8-10. This was not the original intention, see Section The
SU8-10 was spun at 500 RPM for 10 s, then to 3000 RPM for 30 s. Softbake was done on
a hot plate for one minute at 65 °C, then for two minutes at 95 °C. Exposure in the mask
aligner was at an energy density of 100 J cm™2. SUS-10 requires a post-exposure bake,
so the procedure for softbaking is repeated. The pattern was developed with EC solvent
for two minutes then rinsed with IPA. No hardbake was necessary. SU8-10 residue after

ion beam etching was easily removed by soaking in fuming nitric acid for 10 minutes.

6.3.5 Ion Beam Etching

Ion beam etching (or ion beam milling) is a dry plasma etch process. Unlike the plasma
in the sputterer, the ion beam is created in separate chamber, decoupling the substrate
from the plasma. The ions are then directed as a beam into the chamber on to the

substrate being etched. Figure [6.6] illustrates an ion beam setup. The substrate being

FIGURE 6.5: Photolithography process in positive photoresist. (Left) The photoresist

is spun on top of the film and softbaked. (Middle) A mask is placed on top by hard

contact and UV light is irradiated. (Right) The exposed photoresist is developed and
the patterned photoresist hardbaked.
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FI1GURE 6.8: Graph showing etch tests versus time at 45 degrees to the beam.

TABLE 6.3: Ion beam etch rates for sodalime glass, fused SiO5, GeO2:SiO4 film, S1813
and S1818 photoresist films at 0° and 45° incident angle to the beam.

Material Etch Rate
(nm min—1!)
At 0° to the beam
Sodalime 14.105
S1813 (hardbaked) 9.406
S1813 (softbake) 8.987
GeOQZSiOQ 7.260
At 45 ° to the beam
Sodalime 19.949
S1813 (hardbaked) 19.824
S1818 (hardbaked) 18.929
Ge05:5104 25.669
SiOs 25.136
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decoupled into a separate chamber allows for tilting the stage to which the substrate is
fixed. A faceting effect that occurs in ion beam etching is observable. The etch rate
is dependent on tilt angle to the beam and is well understood [25I]. Unfortunately,
ion beam etching leads to unwanted features such as trapezoidal or quasi-trapezoidal

waveguides.

The etch rates were determined under tests by placing samples of sodalime glass, samples
with deposited GeO3:SiO5 films and sample with deposited TasO5:Si0, films, fused SiO9
and photoresist films on substrates. The ion beam was set to magnetron power of 500
W and a beam current of 100 mA with Ar and O3 gases at 6 sccm each and a chamber

temperature of 25 °C.

The first etch tests are shown in Figure [6.7] with the ion beam perpendicular to the
substrate at zero degrees. Softbaked photoresist does not etch at a constant rate as the
graph shows. The data points are not near the line of best fit. The heat generated from
the ion beam bakes the photoresist changing its etch rate while being etched. Figure
shows etch tests for an ion beam at 45° tilt to the beam. Comparing with Figure
the etch rates at 45° tilt are higher. Figure also shows that the etch rates for
the photoresist are very similar to the sodalime glass and that the GeO2:SiO2 and SiO»
have similar etch rates. This is made clearer as the etch rates from the lines of best fit
are tabulated in Table All etching for fabrication was, therefore, done at 45° tilt.

From Table it is clear that the selectivity between S1818 photoresist and the
Ge03:Si0 film is 1.3:1. This means that for 2 pum thick waveguides the photoresist
needs to be a minimum of 1.5 pym thick. The first photoresist tried was S1813 due to
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FIGURE 6.9: Trace from step profiler for patterned waveguides of S1813 photoresist.
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its abundance in the cleanroom. The photoresist was patterned from a mask of waveg-
uides with varying widths from 1 to 10 gm with an interval of 0.2 ym. Figure is
a trace from the step profiler of the patterned photoresist. The narrower features with
widths of 1 - 2.2 um, proved too difficult to repeatedly reproduce at the necessary 1.5
pm height and even this result was not easily repeatable. S1818 is reproducible down
to 2 pm width (sixth waveguide feature from the left of the trace). The SU8-10 used
for patterning the microfluidic channel is not tabulated as there was not enough time to
do several etch tests. However, one was made and it was found to have a selectivity of

approximately 1:1 with SiOs.

6.3.6 Sawing, Lapping and Polishing

Polishing must be done on endfaces of the devices to be able to effectively couple light in
and out of the optical waveguiding layer. The devices to be polished are first attached
together with wax, so that several samples may be polished simultaneously, as the process
is tedious and time consuming. The blocks are attached with wax to the jig ready for

processing.

The theory of polishing is straight forward. The material to be polished has successive
rounds of a fine micro-particles in suspension grinding against the surface to be polished,
known as lapping. Lapping was done with 600 grit which is SiC. After inspection under
an optical microscope, and the surface deemed suitable, several other lapping stages
were done with micro-particles of calcined aluminium oxide of sizes 9, 3, and 1 ym. The
final stage is the polishing itself with SF1 polishing fluid (from Logitech Ltd.) which

shears the face of the glass to leave an optical finish.

6.4 Prism Coupling and Scattering Losses of Thin Films

Once a film is deposited, it is necessary to know its refractive index as well as that of the
substrate. Prism coupling is a non-destructive mode-selective optical technique which
determines the effective refractive index of a slab waveguide under characterisation and
the refractive index of the substrate [164, 252]. It works by using a prism to couple
light into an asymmetric slab waveguide consisting of a substrate and a thin film on
top as depicted in Figure A laser beam is irradiated on to a prism of known

dimensions and refractive index.

The prism and waveguide are rotated until light is coupled into the waveguide on rotating
stage as shown in the setup in Figure The laser used is a HeNe (633 nm).
The polariser allows selective excitation of TE or TM modes. A beamsplitter is used to
sample some of the light for a reference signal. The reflectivity is measured as the sample

under test is rotated and is translated by the computer as intensity from the photodiode
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FIGURE 6.10: (a) Prism coupling, (b) prism coupler setup and (c) and example trace
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FIGURE 6.11: Slab scattering loss measurements.

beside the sample versus the effective refractive index, as shown by an example trace
given in Figure This is a trace for the sample of GeO4:SiO2 film of one micron.
The slab waveguide is singlemode as there is only one trough for both TE and TM
polarisations. The point at which the trace begins to decrease with decreasing index,

because the light is entering the substrate, is the substrate refractive index.

The deposited films of GeO42:Si09 and Tas05:Si09 on fused SiOg substrates for thick-
nesses of 1, 1.5, and 2 pum were tested with prism coupling. Some of the films were
annealed for 30, 60, and 90 minutes at 500 °C in the tube furnace. The slabs were found
to all be singlemoded in both polarisations apart from the 2 pm unannealed sample
which supported two modes. The substrates had an average measured refractive index
of 1.458, in agreement with the manufacturer’s value. For the GeO2:Si04 film, the ef-
fective refractive index for TE mode was found to be 1.4685 and for TM mode, 1.4694.
For the Tag05:Si05 film, the effective refractive index for TE mode, 1.4682, and for TM
mode, 1.4696. These TE mode values agrees well, within less than 1%, for a film of a
refractive index of 1.474 using the analytical theory in Section for both Ge0:Si09
and TapO5:Si0; films. A deposited film can be birefringent due to the anisotropy of the
material, or due to the solutions of Maxwell’s equations, or both [253]. The birefringence
of the 2 pym thick films were measured and averaged 8 x 104, This was considered small

and therefore negligible.

Scattering losses can be measured by modifying slightly the prism coupling setup in
Figure A lens is used to image the slab waveguide while the prism couples
light into the slab mode and the image is collected on a CCD camera. The results for
scattering loss versus anneal time for slab waveguides of 1, 1.5, and 2 pum thickness are
given in Figure [6.11] The losses reduce slightly with annealing and tend to be lower
for the GeO5:SiO9 film than TasO5:5i05 film. The TasO05:Si04 film was not further
developed device because it showed of the higher losses and the longer deposition rates
in Subsection [6.3.2l The graphs for the scattering losses do not show a well behaved

trend with anneal time so no conclusion on best anneal time can be made from them.
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A time for 60 minutes annealing was chosen based on the values of the scattering loss
data obtained.

6.5 Ellipsometry of Thin Films

Knowing the refractive index of the deposited films and substrate is important for de-
signing, simulating, and realising optical components in the film. A second method,
ellipsometry, was used to confirm results from the prism coupling in Section Ellip-
sometry is an extremely useful indirect and non-destructive optical technique used to
determine optical properties of substrates and films, but its full description is complex
and out of scope for this thesis. The reader should refer to Tompkins [254] for further
details on the subject. The apparatus is shown conceptually in Figure Ellipsome-
try uses a coherent incoming light source, but results from several wavelengths can give

information of a material’s dispersion characteristic.

The real part of index of refraction, usually referred to as the refractive index, and the
imaginary part of index of refraction, normally referred to as the extinction coefficient,
are given by n and k respectively. One ellipsometric measure is A, the phase difference,

caused by reflection. It is calculated as

A=6 —5 (6.1)

by measuring d; the phase difference between the perpendicular and parallel polarization
components of the incident light, and d9 the phase difference again, but for the reflected
light. This gives A a range of 0 < A < 2xw. The second ellipsometric value calculated
is ¥ where its tangent is the ratio of the measured amplitude of the perpendicular and

parallel polarization components, |R,| and |R| respectively

tan(¥) = . (6.2)

Photodetector

Light
source Analyser
Polariser Quarter

Device  \ave Plate

FIGURE 6.12: Conceptual ellipsometry setup.
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FI1GURE 6.13: The dispersion curves for soda lime glass, fused silica, and thin film of
Ge03:S104 on fused silica acquired by ellipsometry.

U then has a range of 0 < ¥ < 7/2. Once the measurements are acquired for a substrate,
the parameters can be converted to a dispersion curve. For a thin film on a known
substrate, a model can be created and curve fitting is performed. The information from
the substrate is then used with the ellipsometric parameters obtained from the film to
make dispersion curves of the film. The Cauchy dispersion equation where the refractive

index is

B C

vRBY!

n()\):A—l—)\

(6.3)

where A, B, and C are coefficients. The Cauchy coefficients obtained from ellipsometry
for fused SiOs, sodalime and GeO3:SiO5 film are given in Table

The graph in Figure [6.13|shows the dispersion curves from the Cauchy coefficients given
in Table for a wavelength range from 400 - 1400 nm. The first observation is that

the sodalime glass has the highest refractive index, so it cannot be used as a substrate for

TABLE 6.4: Cauchy coefficients.

| Material | A | B(um?) | C(um?) |

Sodalime 1.498 | 7.94 x 1072 | —4.1 x 10~*
Ge09:S109 | 1.463 | 5.70 x 1073 | —2.9 x 10~*
Fused silica | 1.443 | 5.89 x 1073 | —3.1 x 10~
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the devices. The GeO2:SiO4 film has a higher refractive index than the fused SiO, and
at 633 nm the refractive index is 1.475 and 1.456 for film and substrate, respectively.
Though these ellipsometry results for the refractive index of substrate and deposited
Ge02:5104 film agree with the results obtained from prism coupling in Section with
an error less than 0.1%, the An values notably differ. The prism coupling gave a An
of 0.016 within the targeted specification of ~ 0.015, but the ellipsometry suggests a
An at a higher value of 0.019. The prism coupling values was used in the designs and
simulations as the results are considered more accurate for the single wavelength of 633
nm than the ellipsometry measurements, for example, the refractive index of the fused

silica substrate by prism coupling is the same as given by the manufacturer.

6.6 Unavailable Fabrication Steps

6.6.1 Modified Steps

Due to time constraints, unforseen problems with machinery, and disruptions with mov-
ing into new facilities, it was not possible to use with the original fabrication process
that had been planned. The process steps which were actually used have been given in
Table The microfluidic channel steps and seal steps had to be modified from the
original plan. Performance may be improved by employing these steps, once fabrication

facilities become available.

Originally, the microfluidic channel was to be made by patterning a Cr sacrificial mask
by lift-off to be able to etch in a DRIE to give large aspect ratio than other dry etches
such as ion beam etching. The microfluidic channels once made were to be sealed
with a PDMS cover with holes for fluidic tubes to be connected to for pumping and
removing fluid. Table outlines these sets of process steps which were eventually not

implemented in the final devices and this section describes lift-off and DRIE.

6.6.2 Lift-off

Metal sacrificial masks are commonly used for reactive etches because metals such as Cr
give better selectivity with the materials to be etched than photoresists due to reactive
species involved in etching. The lift-off technique achieves a better profile for the contact
Cr mask [251] for DRIE than a wet etch of Cr. The process is given in Figure It
is done by first patterning the substrate with photoresist then depositing a thin metal
layer is deposited on top. The removal of unwanted metal is achieved by cleaning with
acetone and removing the photoresist with the metal on top of it, leaving only the metal

that is deposited directly onto the substrate.
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e e

FIGURE 6.14: Lift-off technique. (Left) Metal is deposited on top of the patterned
photoresist. (Middle) Resist pattern removed along with metal on top. (Right) Metal
layer ready for etching.

Cr is to be used as a mask as the metal has a much slower etch rate than silica and has
been used for this type of etching in industry. The value of 1 um for the Cr thickness
has been suggested by communications with Oxford Instruments for an etch of 30 - 40
pm. Therefore, a layer of 0.3 - 0.5 ym of Cr which can be deposited by electron beam

evaporation is expected to be adequate for an etch depth of 10 pum.

6.6.3 Deep Reactive Ion Etching

Microfluidic channels are required to be up to hundreds of microns in width and the
depth should also be of similar dimensions to accommodate particles passing through.
Deep reactive ion etching (DRIE) is used for etching deep trenches with high aspect
ratios. This is the best dry etch process to give straight walls. Etch rates of 600 and
750 nm min~! have been reported [255]. Surfaces can be made smoother at the expense
of etch rate by addition of inert gases during the DRIE process [255-257].

TABLE 6.5: Steps unavailable for fabrication of devices.

’ Step ‘ Description

Microfiuidic Channel

Step 1 Spin on positive photoresist.

Step 2 Photolithography.

Step 3 Deposit Cr 1 pm thick.

Step 4 Lift-off resist by acetone wash.
Step 5 DRIE 10 gm microfluidic channel.
Step 6 Remove leftover Cr with etchant.

Seal Microfluidic Channel
Step 1 PDMS slab with drilled holes.

Step 2 Attach tubes to the holes with adhesive to seal.
Step 3 Clamp PDMS to top of the microfluidic channel.




Chapter 6 Fabrication of Integrated Optics for Microfluidic Devices in Glass 141

6.7 Realised Devices

6.7.1 Channel Waveguides

Scanning electron microscope (SEM) images of channel waveguides with cladding were
taken from above, shown in Figure and from the polished waveguide endfaces,
shown in Figure From above, the waveguides appear sunken in the middle.
This is due to the darker core as seen from the endface image. The waveguides have
quasi-trapezoidal profiles due the photoresist profile in cross-section not being completely
rectangular and to the ion beam etch process facet effect. Optical microscope images
of the waveguides from above, before cladding, were used for measuring the waveguide
widths and the height was measured with a step profiler. The average waveguide widths
were measured as 5.3 = 0.3 um bottom width, 2.6 £ 0.3 ym top width, and 1.95 4 0.02
pm height. The waveguides have a cladding of ~ 4 um as shown in Figure

The channel waveguides do not have the ideal rectangular cross-sections or the trape-
zoidal cross-sections simulated in Chapter [3] but quasi-trapezoidal cross-sections. The
top widths are slightly larger than the 2 pym wanted from Chapter The shape of
the cross-section is a closer approximation to a rectangle than a true trapezoid. How-
ever, there can still be improvements in fabrication to make the channel waveguide
cross-section more rectangular. The cross-section that has been realised makes it diffi-
cult to measure the top width from optical microscope images, as the top width is not
well defined. This is clear seen from the SEM images showing the channel waveguide
cross-section, where the waveguide height continuously decreases from the middle of the
channel waveguide. The characterisations of the realised waveguides in Chapter [7] show

that the waveguides function as required and, thus, can be used for purpose.

6.7.2 Paraxial Kinoform Lenses

One of the chips comprising waveguides, paraxial kinoform lenses and a simple microflu-
idic channel is shown in Figure[6.16] A microscope image, Figure shows a typical
paraxial kinoform lens on the chip before cladding was deposited. The central zones on
the lens are well defined, but the central part of the lens in the outer zones were not
transferred perfectly because of resolution limits of photolithography. An evident effect
is a gap in the centre along the centre of the lens increasing from the central zones to

the outer zones.

The lens thickness for the paraxial kinoform lens should be constant, as derived in
Subsection but the realised lens thickness in Figure is tapered, decreasing
from the central zones to the outer zones. The tapering is due to the mask where the

lens pattern is tapered due to the limits of resolution of mask makers (Compugraphics
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FIGURE 6.15: SEM images of channel waveguides.
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FIGURE 6.16: Paraxial kinoform lenses on a chip with microfluidic channel.
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FIGURE 6.17: Optical microscope image of paraxial kinoform lens taken from above.
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Intl. Ltd.), meaning that the pattern does not replicate the paraxial kinoform lens design

in Chapter [4] exactly.

Since most of the light diverging from the channel waveguide into the slab region is
contained in the centre of the beam, the well defined central zones are expected to focus
the light to a small enough spotsize to show the proof of principle of the function of the

lens.

6.7.3 MMI devices

One of the chips comprising waveguides, general self-imaging MMIs, restricted self-
imaging MMIs, and a microfluidic channel is shown in Figure A microscope image
of a typical MMI on the chip before cladding was deposited is shown in Figure [6.19 it
is only a partial image as the MMI is too long to be fully imaged by the microscope
objective. The MMI is well defined and it is observable that the slab region as well as

the channel waveguides have quasi-trapezoidal cross-section.

The average widths, taken from optical microscope images, are for the MMI slab region
are 20.7 £ 1.0 pm for top 24.5 £ 0.5 pum for the bottom. The equivalent rectangular
cross-section is, therefore, 22.6 pm. The height is the same as the channel waveguides,

1.95 + 0.02 pum, taken by step profiler. These dimensions are close to the 22 pym width

Microfluidic
iehannel
]

Input
Fibre

"

FIGURE 6.18: MMIs on a chip with microfluidic channel.
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FIGURE 6.19: Optical microscope image of one end of an MMI device taken from above.

used in the design and simulations in Chapter[5] The MMI is known for high fabrication
tolerances and with the dimensions that have been achieved in this fabrication for the

MDMIs means that imaging should happen as expected along the multimode region.

6.8 Conclusion

A two-mask process for flexible planar fabrication of integrated optics and microfluidics
on a single chip has been described. The structure comprises a buried optical waveguide
layer that can be patterned to make planar optical components such as waveguides,
lenses, and MMIs. A glass material system was chosen because of its compatibility with
standard planar fabrication process, its good optical qualities, and its good chemical
compatibility in microfluidics. Two composite SiO9 glasses were chosen, GeO2:Si0O9 and
Tag05:Si04, at concentrations to give a refractive index contrast, An of ~ 0.015, while
simultaneously keeping the material chemically compatible with pure SiOy as possible

for etching.

The Ge04:S105 and Tas05:Si04 films were measured to have a refractive index of 1.474
compared to fused silica substrates of 1.458 by prism coupling at a wavelength of 633
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nm, giving a An of 0.016. From the two composite materials, GeO2:5105 was found
to be simpler to fabricate having higher deposition rates, etch rates and forming slab
waveguides with lower losses than TasO5:Si09. Therefore, the decision to discontinue
development of devices using TasO5:5102 was made. Ellipsometric measurements were
made to confirm prism coupling measurements of refractive index and were in good

agreement.

The realised channel waveguides have quasi-trapezoidal cross-sections due to the pho-
toresist cross-sections not being completely rectangular and the faceting caused by ion
beam etching. The waveguide cross-sectional dimensions were measured as 5.3 + 0.3
pm bottom width, 2.6 & 0.3 um top width, and 1.95 £ 0.02 pum height. The quasi-
trapezoidal cross-section is better than a true trapezoidal cross-section as it is closer in
shape to the ideal rectangular. The top width is difficult to measure since the quasi-

trapezoidal cross-section is a continuous irregular shape on the top.

The realised paraxial kinoform lenses, designed in Chapter [d had well defined central
zones, but the outer zones were less well defined because of the resolution limit of the
mask and and resolution limit of photolithography. However, since most of the optical
power diverging from the channel waveguide into the slab region is contained in the
centre of the beam, the well defined central zones are expected to focus the light to a

small enough spotsize to demonstrate proof of principle of the function of the lens.

The realised MMIs were well defined and, in common with the channel waveguides, have
quasi-trapezoidal cross-sections with dimensions for the widths of 20.7 £ 1.0 pm for top
24.5 + 0.5 pum for the bottom, and the same height as the channel waveguides. The
equivalent rectangular cross-section is, therefore, 22.6 pm. These dimensions are close
to the designed 22 pum width. The MMI is known for high fabrication tolerances and
with the dimensions that have been achieved in this fabrication for the MMIs means

that imaging is expected along the multimode region.

The next chapter describes characterisation of the optical function of the realised chan-
nel waveguides, paraxial kinoform lenses, and MMIs that were made using the process

described in this chapter.



Chapter 7

Characterisation of Waveguides,
Kinoform Lenses, and MMIs

7.1 Introduction

The problem of how to introduce light into the middle of a microfluidic channel with a
small spotsize in a planar device using integrated solutions of lenses, AWGs, and MMIs,
has been considered in previous chapters. Chapter [4] described the theory of candidate
lens designs and after simulating several candidate lenses clarified that a paraxial kino-
form lens was best suited for fabrication. Chapter [5|has considered alternatives to lenses,
namely, AWGs and MMIs, and concluded that MMIs would be suitable for fabrication
to compare with lenses. Channel waveguides, paraxial kinoform lenses and MMIs were

fabricated using the fabrication processes described in Chapter [6]

This chapter describes the characterisation of the realised devices in terms of spotsizes
achievable in the waveguides, by mode profiling, and in the slab regions of the paraxial
kinoform lenses and MMIs, by imaging the scattering intensities from above. Channel
waveguide losses are also characterised to confirm that sufficient power is transmitted
through the device to observe the detection functions. Characterisation results are
then given for spotsizes in the microfluidic channel by fluorescence imaging from above
demonstrating that light can be focussed or imaged into a small spot in the middle of a

microfluidic channel, as required.

147
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7.2 Channel Waveguides

7.2.1 Mode Profiling of Channel Waveguides

In Chapter [3] mode analysis by BPM for channel waveguides was carried out to con-
firm that appropriate single-mode waveguides with Gaussian-like mode intensity profiles
could be made in the material system described in Chapter [6] Mode profiling charac-
terisation was done to confirm that the realised waveguides have the mode properties
comparable to those waveguides simulated. Prism coupling with slab waveguides with
no cladding, as used in Section [6.4] can determine which modes are supported. Un-
fortunately, prism coupling is difficult to do with channel waveguides and not possible
with a cladding on top. Mode profiling can give a good indication of how many modes
are supported practically for waveguides with few modes and those simulated here were

designed for singlemode or a few-mode operation.

Very accurate optical setups for mode profiling have been established with alignment of
the endfaces of the samples and use of telecentric imaging as demonstrated by Fatadin
et al. [258]. Such a setup would be ideal but more time consuming and for the accuracy
required the more standard setup shown in Figure [7.1] was used. A HeNe laser emitting
at 633 nm wavelength with an attenuator at the front is coupled into a singlemode fibre
using a x25 objective. The fibre is then butt coupled to the waveguide under test. The
imaging optics comprises a x25 objective with a tube to stop stray light entering the
camera attached to it on the output end of the waveguide. The camera is a CMOS

camera, model Motic Moticam 2300, connected to a computer for control and capture.

The image of the mode profile is taken when the mode is excited and observed, and then
analysed after data collection. The analysis of the fundamental mode profile data was
done using a program written in the MATLAB environment which is given in Appendix
Bl The realised quasi-trapezoidal channel waveguides realised in the final devices had

an average cross-section of 5.3 + 0.3 pm bottom width, 2.6 + 0.3 ym top width, and

LASER FH oBs1 SME g OBJ2 N
- = |
: Ll x25 E x25 TUBE -

OBJ Objective lens

P Polariser

SMF Single mode fibre
CM Camera Computer
WG Waveguide —

FIGURE 7.1: Mode profiling setup.
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FIGURE 7.2: Screenshot of example mode profile. On the top left corner is the raw

image. On the bottom right the contour representation of the intensity and two graphs

top and left fitting a gaussian to the cross-section of the profile through its peak. The
spotsize was 2.35 um horizontally and 1.59 pm vertically.

1.95 + 0.02 pm height on the paraxial kinoform lens devices and the MMI devices. A
representative example of the data collected is given in Figure The intensity contour
representation of the image is analysed using a Gaussian fit on the cross-section of the

profile through its peak with

— 92
I—Ioexp< ;5 ), (7.1)
w

for the horizontal and vertical directions, where I is the peak intensity, w is the spotsize.

Two sets of channel waveguides were made when developing the fabrication described
in Chapter [6] The first set used a mask with varying waveguide widths which was
employed to find the smallest width that could be used to repeatedly make channel
waveguides. The choice of the 2 pm wide waveguides from Chapter [3| could be made
once the dimension was shown to be repeatable in Chapter [6l The modal spotsizes for

waveguides against width is shown in Figure for widths where the fundamental mode
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FIGURE 7.3: Spotsizes in the xz-axis and y-axis for waveguides of varying width.
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FIGURE 7.4: Mode profiles of simulated modes on the left and the observed modes on
the right.
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could be excited. The results show that the fundamental is confined approximately to
the dimensions of the waveguide as expected in the second regime discussed in Chapter
[Bland that the mode width does not change greatly with small changes in mask width.
The mode sizes around 2 pm agree well with simulation of trapezoidal waveguide. The
simulated mode profiles for a trapezoidal cross-section of 2 ym, 5 pym, and 2 um, for
top width, bottom width, and height, respectively, are compared with observed mode
profiles shown in Figure [7.4l The mode profiles agree well with simulations, although

the second mode (the next from the fundamental) was not observed.

The second set of waveguides were 2 ym in width and were the final waveguide design
used for lens and MMI devices. From Chapter [3] it was known that the waveguides
would have trapezoidal or quasi-trapezoidal cross-sections due to fabrication methods.
This was shown to be the case in the SEM images in Chapter [0 The average spotsize of
the fundamental mode from 14 measurements made on the final devices for the channel
waveguides were 2.5 + 0.5 pm and 1.5 £ 0.1 gm for the horizontal and vertical dimensions
respectively. Mode size appear larger than the first set of waveguides, which may be
due to the extra annealing lowering the core refractive index and this would also explain

why only the fundamental mode was observed in the second set.

7.2.2 Channel Waveguide Losses

Loss measurements on the waveguides were done to confirm that sufficient power would
reach the microfluidic channel using a standard HeNe laser available for experiments to
observe required focussing function for detection. Insertion loss and propagation losses
were measured. The setup used to do the insertion loss measurements is shown in Figure

[7.5] and to take scattering images for propagation loss discussed in Section [7.3]

A 10 mW HeNe laser of 633 nm wavelength is used for input into a singlemode fibre
using a x25 objective. The fibre is butt coupled into the waveguide under test. A x25

Camera
OBJ Objective lens — _
P Polariser Filter Microscope
PD Photodetector \\
PC Polariser controller —
Power

P2 Meter
L1
HeNe pq OBJ1  PC  pavice @5 U piioie

FIGURE 7.5: Setup for imaging scattering along the device and fluorescence in the
microfluidic channel.
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objective collects the output light and detected through a pinhole, to minimise stray
light, by a photodetector. For polarised measurements, polarisers are placed before the
input objective and after the output objective and the polarisation from the fibre is

changed using a polarisation controller [259].

The total insertion loss is calculated from measuring the input light power coming out

of the fibre, P;, and the output of the waveguide, P,, which in decibels is

P,
Ly = —101logy, F (7.2)
(2

A mean average of 12.2 + 2.5 dB loss was measured for waveguides approximately 2.5
cm long for unpolarised light and no significant difference observed when changing from
TE to TM polarisations. The total insertion loss measured can, in decibels, be equated

to

Lr=Lc—+ Lp, (73)

where L¢ is the coupling loss of the butt-coupled fibre to the waveguide and Lp is the
propagation loss along the waveguide. The coupling loss is determined by the mode mis-
match of the fibre and waveguide, imperfections at the endfaces, and Fresnel reflections.

The propagation loss is due to any scattering and absorption along the waveguide.

To know whether the coupling loss or propagation loss is the main contributor to the
insertion losses, one of them must be measured. The loss due to scattering can be
measured by adding a few components to the setup shown in Figure[7.5] The setup takes
images of the scattering along the waveguides from above. The scattering images were
taken by a microscope using a x10 objective and a CCD camera (Q Imaging, Regita 1300)
as it was more sensitive than the CMOS camera used for mode profiling. The setup for
scattering losses takes several images along waveguide for reliable measurement. These
images span 1 cm and overlap so that that entire length is covered. The images are

analysed after acquisition.

The analysis involves processing the pixel intensities by accumulating the pixel values
in the columns of the images. A dark background image taken as a reference is removed
from the data and the accumulated data is transformed to decibels. This can be done as
the pixel value is proportional to intensity. A line-of-best-fit is then fitted onto the data
where its gradient is the propagation loss per propagation length. Figure shows
representative example of the raw images captured and Figure [7.6(b)| is the generated
from the data collected in the image showing the propagation loss in per propagation
length. The tilt of the waveguide is due to the alignment of the microscope, but this
is negligible as the angle is only 1.75 x 107%°. The colourmap in Figure is used for

plotting the intensity in scattering images.
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FIGURE 7.6: (a) Stitched raw images of propagating light in a waveguide being scat-
tered. (b) Propagation loss for a channel waveguide in decibels versus propagation
length up to 1 cm and line of best fit shown a propagation loss of 5.9 dB cm™'.
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FIGURE 7.7: Colour map of intensity used for scattering raw images and scattering
and fluorescence processed images.
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FIGURE 7.8: Image of a section of scattering for (a)TE and (c)TM polarisations with
a propagation loss of 5.7 dB cm™? for (b)TE and 6.0 dB cm™! for (b)TM.

The average propagation loss of the waveguides is 7.1 + 2.0 dB cm™!. The waveguides
are approximately 2.5 cm, though slightly less due to polishing the endfaces, giving a
propagation loss, Lp, of 17.75 dB. It has also shown that, Lp is the dominant term in
equation and its value is higher than that of L7 which may be due to higher error
of measurement and the propagation distance being less than 2.5 ¢cm in the real devices
due to dicing and polishing. There was not a notable difference in quantity between
the propagation losses of the TE and TM polarisations in the channel waveguide with

propagation losses agreeing with no polarisation. However, images shown in Figures

[7.8(a)|and [7.8(c)| reveal that more light is scattered from the top of the waveguide when

operated in TE polarisation and more light scatters from the sides of the waveguide

when operated in TM polarisation.

The losses are quite high for a waveguide, but low loss in the waveguide was not a prior-
ity in this work and the scattering from the waveguides is enough to be able to image the

operation of the lens and MMI devices from above in the following section. The main
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source of scattering in waveguides is Rayleigh scattering and this scattering is polari-
sation dependent [I120]. This explains the scattering from different waveguide surfaces
dependent on polarisation and accurate birefringent measurements on silica waveguides
have been done using this fact [260]. The largest improvements in lowering channel

waveguide loss would be to have a through study of annealing times and temperatures.

7.3 Focussing in the Slab Region

7.3.1 Approach to Imaging the Focussing

Before carrying out the fabrication of microfluidic channels on the devices, images of
scattering from the kinoform lenses and MMIs were taken using the setup shown in
Figure to observe their focussing function. Analysis on the images was done by first
identifying the focal point, then smoothing the image with a 16-tap running average
filter, and finally performing Gaussian fits to find spotsizes along the beam to be able

to fit to the Gaussian beam equation.

7.3.2 Kinoform Lenses

Figure [7.9(a)|shows a representative example of a raw image made from the stitching of
images taken of the scattering from the top of a paraxial kinoform lens. It shows, from
the left, TE polarised light entering from a channel waveguide into a slab waveguide and
the beam diverging up to the lens 2 mm away. Once at the lens, the light interacts with
the lens and focusses to a focal point 2 mm away. This is the first order focus. There
is a second focus found at 1 mm away from the lens which is most likely light going
into the second order. Figure shows the same lens, but with TM excitation. The
two focal points are still visible, but the lens structure is more clearly visible because
the scattering is most prominent on the vertical walls. The two images resemble the
simulation images shown in Chapter 4] Non-idealities in the devices cause light to be

scattered away from the first order focus, which will cause a loss in device transmission.

Figure [7.10] shows the first order focus of a lens fitted to the Gaussian beam equation.
There are two columns with a cropped image of the first order focal point on the left,
Figure , for TE polarisation and on the right, Figure for TM polarisation.
The first image in each column is the raw cropped image. The second image in each
column is the moving average filtered image to smooth out the local fluctuations that
scattering provides. A 16-tap running average filter was applied along the z-axis as the
image only changes slowly. The third image in each column are Gaussian fits for the
z-axis along each element of the z-axis. The spotsizes acquired from these Gaussian fits

and marked by the red dots. The Gaussian beam equation is then fitted on to these



156 Chapter 7 Characterisation of Waveguides, Kinoform Lenses, and MMIs

500§

X—axis (um)

& et

0 500 1000 1500 2000 2500 3000 3500 4000 4500 500
(a) TE

600
500§
400

300

Xx—axis (um)

200

100

0 500 1000 1500 2000 200 3000
(b) T™M

3500 4000 4500 5000
FIGURE 7.9: Scattering images of a paraxial kinoform lens stitched together for (a)TE
and (b)TM polarisations.
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FIGURE 7.10: Scattering image of the kinoform lens focussing in the in slab waveguide.

The cropped raw image of the first order focus for TE(a) and TM(b). The image

processed by smoothing by moving average filter for TE(c) and TM(d). The images

Gaussian fits and spotsizes shown by red dotted line and the fit of a Gaussian beam for
TE(e) and TM(f).



158 Chapter 7 Characterisation of Waveguides, Kinoform Lenses, and MMIs

TABLE 7.1: Gaussian beam parameters for focussing scattering image in a slab waveg-
uide by a paraxial kinoform lens for both TE and TM polarisations.

Beam Parameter TE TM
wo 6.2 £ 0.6 pm 6.2 £ 1.9 pym
ZR 173.8 + 23.6 pm | 177.6 + 84.8 pm

spotsizes to give quantitative values for the focussing properties, namely, the spotsize,
wo, and the Rayleigh range, zgr, which are given in Table

The paraxial kinoform lenses have been demonstrated to focus to a small spotsize at the
focal distance designed at 2 mm in both TE and TM polarisations with high Rayleigh
ranges. The spotsizes given in Table at the focus are larger than the channel waveg-
uide spotsize of 2.5 pm due to limits in scattering imaging and non-idealities due to

fabrication. However, the spotsizes are small and useful for optical detection.

7.3.3 MDMIs

Figure [7.11] is a representative of the scattering images captured of an MMI. It is a
raw image of the scattering from the top of a restricted MMI being excited by its
central channel waveguide input with TE polarisation, Figure and with TM
polarisation, Figure The MMI is 3 mm long and images the input in the middle
of the MMI along the z-axis. It then re-images it back into the central output channel.
Figure is the same MMI, but with a TM polarisation at the input.

Figure is in two columns with a cropped image of the imaging in the middle of the
MMI from, on the left, Figure and, on the right, Figure The first image
in each column is the raw cropped image and the second image in each column is the
moving average filtered image. The third image in each column are Gaussian fits for
the z-axis along each element of the z-axis with the spotsizes marked by the red dots.
The Gaussian beam equation fit from the spotsizes to give quantitative values for the

focussing properties, spotsize and Rayleigh range, which are given in table

The same non-idealities which affect the scattering images of channel waveguides and
lenses affect MMIs. However, the MMIs have demonstrated to have a better spotsizes at

the imaging plane than the paraxial kinoform lens for both TE and TM polarisations.

TABLE 7.2: Gaussian beam parameters for scattering image in the MMI for both TE
and TM polarisations.

Beam Parameter TE TM

wo 3.1 £ 0.33 pm 2.9+ 0.5 pym
ZR 426 £ 7.1 pm | 36.7 £ 10.8 pm
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FIGURE 7.11: Scattering images of a restricted MMI stitched together for (a)TE and
(b)TM polarisations.
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FIGURE 7.12: Scattering image of the MMI focussing its middle. The cropped raw
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shown by red dotted line and the fit of a Gaussian beam for TE(e) and TM(f).
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The lenses focus to a spotsize of ~ 6.2 pm while the MMI focusses to ~ 3.0 pm and
channel waveguides spotsize of 2.5 pym in Section The Rayleigh range for the
MMI is lower than that of the lenses. Both the improved spotsize and shorter Rayleigh
range of the MMIs when compared with kinoform lenses was expected by following the
simulations in Chapter

7.4 Focussing in a Microchannel

The the kinoform lenses and MMIs have been demonstrated to focus in the slab waveg-
uides from which they are constructed. The purpose of this work is to focus light into
the microfluidic channel which is etched through the slab waveguide region and this
section characterises the beam in the microfluidic channel. The focussing in the channel
was characterised by inserting a fluorescing solution into the microfluidic channel. Flu-
orescence in the microfluidic channel was achieved by using Cy 5.5 fluorophore which
can absorb the excitation light from the HeNe at 633 nm and emits at approximately
700 nm. Since the concentration of Cy5.5 was small, it was assumed that the solution
would have a the same refractive index as water which is what the devices were designed

to have in the microfluidic channels.

The Cy5.5 concentration of 4.96 x 10~° M was prepared by Dr. P. Hua. Since a pumping
system had not been developed due to time constraints a coverslip of approx 150-170 pm
thick was cut to size and glued on top of the chip covering the microfluidic channel. This
then allowed the liquid to be placed on one of the microfluidic reservoirs and through
capillary action flow to the other reservoir filling the channel with solution. The same
setup to measure scattering was used for the imaging of fluorescence in the channel,
Figure except that the microscope had a x20 objective for imaging. The filter is

used to block excitation light in the fluorescence measurements.

A working general MMI had its three inputs coupled to sequentially and Figure [7.13
shows the raw images of the focussing in the channel. This indicates that the MMI can
be used to provide a moving focus in the channel. The central focus is well formed, but
the side focusses exhibit angled propagation and contain light not contributing to the

focussed beam.

Figure[7.14] show representative fluorescence images taken of the microfluidic channel for
channel waveguides, paraxial kinoform lenses, and both general and restricted MMIs.
The left column of images are the cropped original fluorescence images as seen by the
camera through the filter. The images in the right column are of Gaussian fits in the
z-axis for each element in the z-axis as was done with the focussing in scattering images.
The black dashed line shows the best fit for the Gaussian beam equation parameters.

The results for the measurements od several devices are tabulated in Table [T.3l
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FIGURE 7.13: Focussing of MMI into the middle of a microfluidic channel with input
in (a) the bottom waveguide, (b) the middle waveguide, and (c) the top waveguide.
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FIGURE 7.14: Fluorescence of the beam in microchannel due to (a)waveguide,

(b)paraxial kinoform lens, and (¢)MMI. Images on the left are cropped raw with a

grayscale colour map and on the right is are the corresponding processed images of
Gaussian beam fits shown as the black dashed lines.



164 Chapter 7 Characterisation of Waveguides, Kinoform Lenses, and MMIs

TABLE 7.3: Gaussian beam parameters for fluorescence images in the microfluidic
channel for a channel waveguide, a paraxial kinoform lens, and an MMI. The table also
includes the values of the simulations of the devices for comparison.

Beam Waveguide Lens MMI
Parameter | (Rect./Trap.) (Gen./Res.)
wo 2.5 £ 0.5 pym 5.6 £ 1.6 pum 2.6 £ 0.3 pym
(Sim. wp) | (1.17/1.70 pm) (2.05 pm) | (2.22/1.74 pm)
ZR 120 £ 1.3 pm | 90.7 £ 27.0 pm | 25.6 = 11.1 pm
Zc 14.8 £ 3.8 pm | 56.0 £ 23.1pym | 29.2 £ 14.1 pm

The lenses and MMIs can be used as devices for focussing light into the middle of a
microfluidic channel. The spotsize of the focus is well formed and almost the size of
the input waveguide. The Gaussian beam fit for light transmitted into the microfluidic
channel by the channel waveguide, paraxial kinoform lenses, and MMIs are given in Table
The values given are focus spotsize, wg, the Rayleigh range, and the distance into
the microfluidic channel, z.. The channel waveguide spotsize is 6.1 um at the distance
of 29.2 ym and 8.9 pm at the distance of 56.0 pm. The lens can focus into the middle of
the microfluidic channel as this work required and though it has a larger focus spotsize
than the channel waveguides’ initial spotsize it does it is smaller than the spotsize of the
diverging beam from the channel waveguide in the middle of the microfluidic channel.
The MMIs that could be characterised do not focus as far into the microfluidic channel
as the lens. However, the focus spotsize is both smaller than the spotsize of the diverging

channel waveguide and the focus spotsize of the lens.

7.5 Summary and Discussion

This section is a summary of the results and a discussion of the implications. The
purpose of this chapter was to characterise channel waveguides and to determine how
well the realised paraxial kinoform lenses and MMIs focus the light into the middle of a

microfluidic channel.

The characterisation of the channel waveguides included mode profiling to provide a
direct measurement of the spotsize; the average size being 2.5 pym and 1.5 ym for the
horizontal and vertical dimensions in the final devices, respectively. These spotsizes
are larger than the simulations for 2 um top width trapezoidal waveguide in Chapter
which were 1.7 ym and 1.1 pgm for horizontal and vertical dimensions, respectively. The
total insertion loss of the channel waveguides was measured and found to be 12.2 dB.
Though the loss is high for waveguides they provide sufficient power to characterise the
lenses and MMI devices. To discover whether this loss was predominantly coupling loss
from the input fibre or propagation, scattering measurements from above the waveguides

were taken. Scattering images were taken along the device and post-processing them to
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have a plot of relative propagation power, which gave an average loss of 7.1 dB em™!.

For a waveguide of approximately 2.5 cm, this is a high value showing that coupling
loss is not the dominant loss, but this study also showed that scattering would allow for
characterisation of lens and MMI function. Low-loss waveguides were not a priority in

this work, but of course, there is room for future work in improvement of losses.

The focussing function of the lenses and MMIs without a microfluidic channel, but in
the slab regions was characterised by taking scattering images along the device. Post-
processing allowed the overall function of the lenses and MMIs to be observed. The
images show that the function agrees with that seen in the simulations in Chapter []
and Chapter [5], respectively. The focus was then fitted to a Gaussian beam equation
to extract the spotsize. The average spotsizes for the lenses were 6.2 pm for both TE
and TM polarisations and for the MMIs were 3.1 ym and 2.9 pym for TE and TM
polarisations, respectively. The waveguides function as required and the lenses and
MDMIs focus in slabs, though scattering properties differ in the images taken for TE and
TM polarisations scattering more from different surfaces on the channel waveguides the
losses are similar and focussing properties negligible considered polarisation independent.
The lenses and MMIs function as designed. Unfortunately, due to fabrication tolerances
being too stringent, the lenses have been shown to focus some power into the second
order and that the outer zones do not contribute to focussing the light. If the fabrication
tolerances could be improved and features made more accurately more light would go to
the first order focus and more of the higher spatial frequencies on the outer zones would
contribute to making the focus have a smaller spotsize. The MMIs achieve a smaller

spotsize than that of the lenses and lose less light in transmission.

The final characterisation was to observe focussing in a 100 gm wide microfluidic channel.
For this, fluorescence images were taken by inserting Cy5.5 into the microfluidic channel.
Post-processing of the fluorescent images for channel waveguides, paraxial kinoform
lenses, and MMI devices bringing light to the microfluidic channel showed that the
channel waveguides only diverge in the channel, whilst the lenses and MMIs focus into
the microfluidic channel. Spotsizes in the microfluidic channel were 2.5 pym, 5.6 um,
and 2.6 pm for the channel waveguides, lenses, and MMIs, respectively. The devices
on average could move the foci 56.0 ym and 29.2 ym into the microfluidic channels
by the lenses and MMIs, respectively. The channel waveguides in comparison have a
divergent beam with a spotsizes of 6.1 um at the distance of 29.2 ym and 8.9 ym at
the distance of 56.0 pm, much larger than the spotsizes made at those distances by
the lenses and MMIs. The lenses can focus further into the channel, but the MMIs
can focus into a smaller spotsize in the channel almost the size of channel waveguide
spotsize. Therefore, future work would mostly involve reducing the empirical spotsize
by improving fabrication tolerances of the lenses and changing MMI design to image

further into the microfluidic channel.
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7.6 Conclusion

Singlemode operation of channel waveguides is vital to making more complex microfluidic
optical detection systems. However, multimode channel waveguides with few modes can
operate in singlemode. For the devices presented in this work, the channel waveguide’s
fundamental mode determines the minimum spotsize achievable and allows it to function
as designed. The channel waveguide has an average spotsize of 2.5 ym and 1.5 pym for
horizontal and vertical dimensions, respectively, with total losses of 12.2 dB for a length

of v~ 2.5 cm and a propagation loss of 7.1 dB cm™!.

The paraxial kinoform lenses and MMIs realised have been shown to work in the
Ge02:5109 material system. Both devices focus into the microfluidic channel with av-
erage spotsizes at the foci for the paraxial kinoform lenses of 5.6 ym and for the MMIs
of 2.6 pym. The devices on average could move the foci 56.0 yum and 29.2 pym into the
microfluidic channels by the lenses and MMIs, respectively. The spotsize of the chan-
nel waveguide is initially 2.5 pym, but for comparison the channel waveguide’s divergent
beam increases this spotsize to 6.1 ym at the distance of 29.2 ym and 8.9 ym at the
distance of 56.0 pm, which is much larger than the spotsizes made at those distances
by the lenses and MMIs. Polarisation dependence on the channel waveguide loss or the

focussing functions of lens and MMI devices were found to be negligible.

The ability for both devices to focus light in the channel allow for greater control of the
beam position, and its spotsize, in the microfluidic channel and now have the capability
to build upon these devices and fully integrate optical detection methods that have

currently little or no integration in optics for microfluidics.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

The work in this thesis aimed to advance detection in lab-on-a-chip (LoC) technology
and in particular puflow cytometry. The area of research was chosen to be the integrated
optics as optical detection techniques are preferred in microfluidic systems due to their
high sensitivities. A review of the literature led to the conclusion that the integrated
optics used for microfluidic systems was in its infancy for many of the optical detection

methods currently used in the analytical chemistry laboratory.

The literature review found that the most mature integrated microfluidic detection
methods are fluorescence and absorption. Absorption is an attractive method as it
is label-free, but poses the problem in microfluidics that it needs long path lengths or
enhancement by multipass systems. The most dominant technique in use for optical
detection is fluorescence due to its high sensitivity, but it often requires labelling by the
use of fluorophores. Scattering is still being developed and has been used to acquire
size and shape information on cells in flow cytometry and when combined with fluores-
cence can yield a more powerful detection system. Surface enhanced Raman scattering
(SERS) is gaining ground as a competitor to fluorescence as a direct label-free method
for detection and identification of species. However, SERS requires an integrated metal
nanostructure or nanoparticle because normally the Raman signal is too weak. This
creates other obstacles to development such as difficulties in fabrication, degradation of
the nanostructures, blocking of the microfluidic channel or the inability subsequently
to separate nanoparticles from the analyte. Laser tweezer Raman spectroscopy (LTRS)
which may be used to trap and analyse large particles such as cells or species attached to
enhancing metallic particles without extra enhancement may prove capable of solving the
inherent problems of SERS for certain particles. Refractive index detection techniques

are label-free but require sample separation methods such as capillary electrophoresis
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(CE) to give adequate specificity of detection of particle species. The thermal lens tech-
nique performs detection in absorption assays and does not require long path lengths,
but has the same drawback. Direct excitation, a beam of light illuminated on to the
analyte, as opposed to evanescent excitation methods are found in the majority of op-
tical detection in microfluidic systems as it provides greater flexibility to incorporate
many optical detection methods. The review concluded that the higher integration of
optical components and different configurations is necessary as the route to achieving
integration for optical detection methods with little or no integration yet, such as the
thermal lens, LTRS, and SERS.

A theoretical study of an integrated device with the most basic integrated optics com-
bined with a microfluidic channel was carried out to highlight its limitations and de-
termine what is necessary for greater optical integration. The most basic function is a
waveguide delivering the excitation light as a free beam into the microfluidic channel.
The 3D waveguide is the basic building block for integrated optics. Operation in only the
fundamental mode (achievable even in waveguides with few modes) was identified early
on as absolutely necessary to make complex optical systems predictable and to make
repeatable spotsizes as small as possible. Analytical methods were used to have an in-
tuition to the modal behaviour of the channel waveguide of rectangular cross-section.
However, numerical simulations were carried out using BPM in a commercial package
(BeamPROP™) to study the behaviour of rectangular and trapezoidal cross-section
channel waveguides with the values of the material system used to realise the devices
as the analytical methods are limited to certain geometries. Channel waveguides with
rectangular cross-section are ideal as simulations show good symmetrical mode pro-
files and the ability to make singlemode waveguides up to 2 pm in both width and
height. Lager dimensions allow for easier coupling to fibre. Trapezoidal cross-section
channel waveguides were also simulated because device dimensions are ultimately de-
pendent on fabrication which tends to produce waveguides with such cross-sections.
The cross-channel coupling efficiencies drop to 0.5 after 25 pym of propagation along the
microfluidic channel width for simulations of the free beam diverging from rectangular
channel waveguides in the microfluidic channel and coupling to channel waveguides of
the same dimensions of the other side of 2 um height and widths of 2, 3, and 4 ym. The
width of the microfluidic channel for acceptable free-beam loss from a waveguide is de-
termined by the width of the waveguide which controls divergence. However, this leads
to either narrow microfluidic channels and larger spotsizes not ideal for fluorescence or
scattering measurements. The Rayleigh range was used as the prime measure of whether
microfluidic systems need more complex optics than only channel waveguides, but an
increase of Rayleigh range involves increasing the spotsize which for many systems may

be unacceptable.

Channel waveguides are convenient to guide the light to the microfluidic channel, but

the divergence of the free beam in the microfluidic channel is not ideal. There is a
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need to shift the tight intensity distribution at the end of the channel waveguide to the
middle of the microfluidic channel without greatly increasing the spotsize. This can be
achieved by integrating waveguide lenses. The waveguide lenses considered in this thesis
were to be made using standard planar fabrication methods. Negative lenses, where
the surrounding medium has higher refractive index than the lens, were chosen due to
the better configuration for fabrication by etching. Ideal refractive lenses are designed
using Fermat’s principle which gives ideal collimating and focussing lens geometries of
hyperbolas for positive lenses and ellipses for negative lenses. Diffractive lenses were
found to overcome problems with refractive lenses such as poor lens aperture collection
and large thickness. The diffractive lenses designed here improve upon the Fresnel
zone plate (FZP), which has a diffraction efficiency of only ~40% into the first order
focus. The Bragg lens is an extension of the FZP which can focus the light into one
diffractive order by operating in the Bragg regime. Unfortunately, its major flaw is that
the central zones of the lens do not meet the Bragg regime condition, severely limiting
its practical efficiency. The alternative improvement on the FZP is the kinoform profile,
essentially a blazing that concentrates the power into one focussed order. The derivation
of analytical kinoform profile was generated and extended to the the negative kinoform
profile not found in the literature by the author. Candidate lenses for fabrication were
chosen, namely, the elliptical refractive lens, the elliptical McGaugh kinoform lens, the
elliptical kinoform lens, and the paraxial kinoform lens and simulations by BPM showed,
unexpectedly, that the paraxial kinoform lens was the most efficient at imaging the end
of a channel waveguide. The discrepancy is because of the limitations of the analytical

methods used for designing the lenses.

At the micronscale other structures may be employed to image the end of a channel
waveguide into a microfluidic channel as alternatives to lenses. Two devices were pro-
posed, the arrayed waveguide grating (AWG) which works as a transmission grating
and the multimode interference (MMI) device which uses the self-imaging phenomenon.
The AWG can focus for a several wavelengths with low aberrations which could provide
high flexibility for microfluidics. However, only recently has an AWG operating in the
visible range been demonstrated and even in infra-red fabrication tolerances tend to be
stringent for AWGs to function efficiently. For these reasons, the MMI was preferred for
experimental studies and has been designed and simulated for focussing into a microflu-
idic channel for subsequent fabrication. The main advantage of the MMI compared to
the lens is its relative simplicity to design and fabricate, because MMIs are essentially a
multimode waveguide with a given length to image the input plane to the output plane.
Excitation of only certain modes, such as a symmetrical modes, at the input plane of the
multimode region of the MMI allows for its length to be reduced by a factor of 4 which
improves its imaging by reducing the accumulating phase lags between modes caused by

the paraxial approximation used for design and the Goos-Hahnchen shift.

Devices were fabricated comprising channel waveguides, paraxial kinoform lenses and
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MMIs. A two-mask process for flexible planar fabrication of integrated optics and mi-
crofluidics on a single chip was developed. The structure comprises a buried optical
waveguide layer that can be patterned to make a wide range of optical devices. A glass
material system was chosen because of its compatibility with standard planar fabrication
process, its good optical qualities, and its good chemical compatibility in microfluidics.
Two composite SiO9 glasses were chosen for study, GeO9:SiO9 and TasO5:Si09, for the
optical waveguiding layer. However, GeQ:5109 was found to be simpler to fabricate
having higher deposition rates, etch rates and forming slab waveguides with lower losses
than TagO5:Si04, so the latter was discontinued. Film deposition by RF sputtering gave
Ge04:Si0, films with a refractive index of 1.474 at a wavelength of 633 nm and on fused
silica substrates of refractive index of 1.458 giving a An of 0.016. The realised channel
waveguides have quasi-trapezoidal cross-sections due to the photoresist cross-sections
not being completely rectangular and the faceting caused by ion beam etching. The
waveguide cross-sectional dimensions were measured as 5.3 + 0.3 pm bottom width, 2.6
+ 0.3 um top width, and 1.95 + 0.02 um height. The paraxial kinoform lenses realised
had well defined central zones, but the outer zones were less well defined because of the
resolution limit of the mask and and resolution limit of photolithography. However, since
most of the optical power diverging from the channel waveguide into the slab region is
contained in the centre of the beam, the well defined central zones are expected to focus
the light to a sufficiently small enough spotsize. The MMIs realised were well defined
and, in common with the channel waveguides, have quasi-trapezoidal cross-sections with
equivalent rectangular cross-sectional width is 22.6 pm; this dimension is close to the 22

pm width used in the design.

The channel waveguides were observed to guide and could be operated in the funda-
mental mode. The channel waveguide determines the minimum spotsize achievable and
allows it to function as designed. The final devices had channel waveguides with an
average spotsize of 2.5 um and 1.5 um for horizontal and vertical dimensions, respec-
tively. Both the paraxial kinoform lenses and MMIs were shown to image the end of
a channel waveguide and form a focus into the microfluidic channel and polarisation
dependence on the devices was found to be negligible. The paraxial kinoform lenses and
MMIs realised have been demonstrated successfully in the GeO2:SiO9 material system.
The average spotsizes in the microfluidic channel for the paraxial kinoform lenses of 5.6
pm at a distance of 56.0 pym into the microfluidic channel and for the MMIs were 2.6
pm at a distance of 29.2 pm, where, for comparison, the channel waveguide’s divergent
beam had a spotsize to 6.1 pm at the distance of 29.2 yum and 8.9 um at the distance of
56.0 pm, which is much larger than the spotsizes made at those distances by the lenses
and MMIs.

The devices were shown to focus the free beam in a microfluidic channel and potentially
offer great flexibility to be used in several complex detection systems with little or no

optical integration furthering the LoC and making progress in miniaturisation towards
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portable, robust, cheaper, and even increased sensitivity. It is challenging to develop op-
tical detection systems for microfluidics as high specifications are placed upon the optics,
due to the extremely small sample volumes and small optical path lengths. However,
the work in this thesis provides two optical devices that can manipulate the free beam
in a microfluidic channel paving the way to more complex optical detection systems to

be integrated with microfluidics to make more advanced pflow cytometers.

8.2 Future work

8.2.1 Improvement of Waveguides

Now that the devices have been realised, improvements in making more robust and effi-
cient devices such as lowering waveguide losses can be addressed. For example, further
studies into the annealing of the buried structure and the use of alternative deposition
methods such as plasma-enhanced chemical vapor deposition (PECVD) or flame hydrol-
ysis for layer deposition instead of sputtering to give better quality depositions should

be conducted.

Use of higher index material systems, such as TasOj5, would allow optical components
on the devices to be scaled down. However, efficient coupling between fibre and on-
chip waveguides would have to be overcome and singlemode behaviour achieved. One
possibility may be to use rib waveguides to achieve singlemode behaviour, if reproducible
channel waveguides are too large, and to use tapered waveguides to couple light to
fibre efficiently. Rib waveguides do not have symmetrical mode profiles in both cross-
sectional dimensions, but with careful design the asymmetry may be minimised. If these
difficulties are overcome, the final device may be able to achieve a focus spotsize of a

~ 1 pm in the centre of a microfluidic channel.

The channel waveguides were found to have quasi-trapezoidal cross-sections. An analyt-
ical or numerical method to analyse the realised waveguide cross-sections be useful for
more accurate modelling. Although the birefringence was found to be negligible, more
detailed, birefringence measurements on the channel waveguides could carried out for

completeness using the simple experimental setup by Janz et al. [260].

8.2.2 Work on Lenses

The kinoform lenses are dependent on their profiles and need the smallest feature sizes
achievable. This can be remedied by the use of a focussed ion beam (FIB) for direct
etching and patterning of the planar waveguide lenses, which has been reported to make
feature sizes down to tens of nanometers [261]. However, FIB is time consuming for

large features or for mass production.
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Other kinoform profiles were simulated, but not realised in this work. The theory in
Chapter [ when deriving the elliptical kinoform design considers the lens’ finite thickness
with no paraxial approximation, thus this design is intuitively expected to be the most
efficient; however, simulation showed otherwise. Fabrication with FIB would allow for an
empirical comparison since the elliptical kinoform lens differs from the paraxial kinoform
lens mostly at the outer zones where photolithography is limited. Another design route
to explore is the realisation of hybrid lenses [214], where the central zones have kinoform
profiles and the outer zones have Bragg gratings to reduce the stringent fabrication
tolerances of the kinoform. Improvements in lens design may be possible with genetic
algorithms which have successfully been used to design optical devices such as MMIs

[262, 263], starting with analytical lenses as initial solutions.

During this work another type of lens device has emerged in the literature promising
small footprint; these are known as photonic crystal lenses or“nano-lenses” [264]. The
FIB would allow for comparison of easy of fabrication, focussing efficiency, and flexibility

of design between diffractive lenses and the nano-lenses.

8.2.3 Work on AWGs and MMIs

The AWG was identified as a very flexible device for use in optical detection, but was
not realised due to stringent fabrication tolerances. The AWG has imaging properties
comparable to the MMI and the bonus of working at several wavelengths, which would
allow to make devices that employ optical detection methods with little or no integration.
Though MMIs do not have these stringent fabrication tolerances, the same fabrication
issues apply for both devices, which consist of essentially only waveguides, albeit a wide

multimode waveguide, so the future work on the devices should discuss both.

Fine tuning could be achieved in MMI devices improving performance after fabrication.
The effective width of the MMI could be changed actively by making microfluidic chan-
nels on sidewalls of MMIs and changing the refractive index contrast between core and
side liquid allowing for control of the free beam’s focus position along the width of the

microfluidic channel.

The AWG is a relatively large integrated optical device. It can be made more compact
by reducing the length of the arrayed waveguides using air trenches to allow for larger
bend angles without major increase from bend loss [265]. AWGs are made using star
couplers. Interestingly, MMIs can be used to make a type of AWG known as an MMI-
AWG [222], which are simpler to make given the less stringent fabrication tolerances to
make MMIs. The MMI-AWG has two MMIs instead of star couplers and the number
of waveguides in the waveguide array is equal to the number of output waveguides of
the MMI. The MMI-AWG would have the advantages of the AWG dispersion but be

simpler to fabricate with the MMIs having less stringent tolerances.
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Buried ion-exchanged alternatives to the waveguide and MMI fabrication could be ex-
plored providing the advantage of using cheap sodalime glasses as substrates [266], and
even AWG have been fabricated this way [267]. One limitation that is difficult to con-
trol is the waveguide width, which is affected by the depth to which the waveguide is
buried [268]. Alternatively, UV direct writing, which has recently provided a novel way
of making MMIs [269] could be explored giving more control on dimensions than buried
ion-exchanged and could be applied to making AWGs. However, both these technologies
would have to achieve high-performance devices at visible wavelengths. MMIs have been
written by femtosecond laser to function at visible wavelengths [270]. Refractive index
of the femtosecond-written waveguides can be controlled by writing speed [271] allowing
the possibility for straight AWGs and MMI-AWGs where the arrayed waveguides are
in a straight configuration all of equal length and the phase change for dispersion is

achieved by differing refractive index.

The devices discussed so far can all focus or image small spotsizes into the middle of
microfluidic channels. However, none of these devices can control the diffraction in
the vertical (y-axis) dimension within the microfluidic channel. The obvious solution
is to have 3D devices, but planar fabrication for lenses in the vertical dimension is too
difficult. On the other hand, 3D AWGs are plausible but, as with the lenses, curvature
in the vertical dimension would still be too difficult with stringent tolerances. MMIs
having less stringent tolerances and flat input and output faces could overcome this and
3D MMI-AWGs [272] could be made. Designs of 3D MMIs have been studied [273]
and demonstrated in silicon [274] and ARROW [275] waveguides, but with no channel
waveguides connected to the multimode regions. To achieve 3D operations, the basic
building block, the waveguide, would have to be made in 3D upon which to build 3D
devices. This is difficult to achieve using conventional planar fabrication methods are
difficult. Polymers could be used [276], but these methods involve partial exposures
and mask shadowing effects to be able to produce vertical features; this fabrication is
too complex. Direct writing is a more suitable method and 3D waveguides have been
created by direct writing using a femtosecond laser, in both glass [277] and polymers
[278]. Photopolymers allow for an inexpensive alternative using continuous lasers for
direct writing [279].

8.2.4 Biological Applications

The devices realised in this work have demonstrated that a free beam in a microfluidic
channel for optical detection can be manipulated on chip using integrated optics at the
micronscale and this forms a strong basis on which to build improved devices. However,
this requires a fully sealed lid and the introduction of a pumping system to be put
in place. Once there is a pumping system in place, hydrodynamic focussing can be

implemented to focus particles in the microfluidic channel so that the particles pass
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the beam at the focal point away from the sidewalls. Particle detection experiments
can then also be carried out. Particle fluorescence and scattering experiments using
latex microspheres of a few microns in size should be characterised first, followed by
biological particles of similar sizes such as cells. The results would build a library of signal
signatures of known particles, which could then be used in detection and discrimination
of particles in mixed or unknown analytes. Results can then be compared between
devices and with the literature. The next stage of a practical uflow cytometer could be

added, namely, on-chip sorting.

The capability of devices being able to perform optical trapping in addition to detec-
tion increases the complexities of uflow cytometers. Optical trapping in a microfluidic
channel by a free beam has been demonstrated in AWGs [230], but this could also be
done by the MMIs and waveguide lenses. Integration of optical trapping configurations
could lead to fully integrated devices for optical detection methods such as LTRS and
thermal lensing. The realised devices may be able to trap particles at the focus in the

microfluidic channel.

The improvements to the integrated optics in microfluidic systems will lead to techniques
not yet realised on chip. The focussing devices would for collection show fluorescence
and scattering distributions giving information on the shape, size, surface roughness and
detection of constituent parts (for example, organelles in biological cells) of the particles
which could be used to discriminate at a higher accuracy, especially when distinguishing
biological cells of different similar sizes but of different type. The possibility of multiple
optical detection methods simultaneously done would provide pflow cytometry with
extremely high yield. Furthermore, progress into 3D imaging devices will lead this
ultimately to a form of on-chip microscopy, the ability to discriminate biological cells by

imaging, but also to perform optical analysis not easily achieved with bulk setups.



Appendix A

Sodalime Glass and Fused Silica

Chemical Compositions

The substrates used in this work have the following chemical compositions according to

the manufacturers given in the tables below.

TABLE A.1: The approximate chemical composition MENZEL-GLASER sodalime glass

’ Compound ‘ Concentration ‘

Si02 72.20%
NaoO 14.30%
K>O 1.20%
CaO 6.40%
MgO 4.30%
AL;0O3 1.20%
Fez 03 0.03%
SO4 0.30%

The information from Table was taken from www.menzel.de/Objekttraeger.687.
0.html7i1d=687&L=1.

The information from Table was taken from www.uqgoptics.com/materials_optical_

spectosil.aspx.
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TABLE A.2: The approximate chemical composition Spectrosil fused silica glass

Spectrosil Spectrosil
1000 2000
’ Typical trace elements in ppb
Al < 20 < 10
Ca < 10 < 10
Co < 10 < 10
Cr < 10 < 10
Cu < 10 < 10
Fe < 10 < 10
K < 10 < 10
Li < 10 < 10
Mg < 10 < 10
Mn < 10 < 10
Na < 10 < 10
Ti < 10 < 10
A% < 10 < 10
Zn < 10 < 10
Zr < 10 < 10
! ppm
Cl <1 <1
OH 1000 1000




Appendix B

Mode Profile Analyser

This appendix provides the MATLAB source code, Listing [B-I], used for the mode profile
analyser (MPA) program. To get it to work a .fig file is also needed with a layout given
in Figure and can be generated with the GUIDE command in MATLAB.

+ Mode Profile Analyser EIIEI[‘ZI

H | | Y] | pmipix: Image Size:

Laad ogk

0B F
Analyse

04t

Save Analysis 02F

Zoom

Auto Zoom
09 09

30 Plot 0g 08r
o7 07r

Fit Results:
06 0B
05 05+
0.4 0.4r
03 03¢
02 02r
0.1 olr
0 t 0 :
1 0s 0 0 01 0z 03 0.4 05 06 07 0g 09 1

F1GURE B.1: Screenshot of layout of the MPA program.
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LisTING B.1: MATLAB source code of the mode profile analyser (MPA) program.

function varargout = mpa(varargin)

% MPA M-file for mpa.fig

% MPA, by itself, creates a new MPA or raises the existing

% singletonx.

)

% H = MPA returns the handle to a new MPA or the handle to

% the existing singletonx*.

pA

% MPA (’CALLBACK’ ,h0Object ,eventData ,handles,...) calls the local

% function named CALLBACK in MPA.M with the given input arguments.

)

% MPA (’Property’,’Value’,...) creates a new MPA or raises the

% existing singletonx*. Starting from the left, property value pairs are
% applied to the GUI before mpa_OpeningFcn gets called. An

% unrecognized property name or invalid value makes property application
% stop. All inputs are passed to mpa_OpeningFcn via varargin.

)

% *See GUI Options on GUIDE’s Tools menu. Choose "GUI allows only one

% instance to run (singleton)".

pA

% See also: GUIDE, GUIDATA, GUIHANDLES

% Edit the above text to modify the response to help mpa

% Author: Hamish Hunt
% Last Modified by GUIDE v2.5 09-Feb-2010 16:27:57

% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;

gui_State = struct(’gui_Name’, mfilename,
’gui_Singleton’, gui_Singleton,
’gui_OpeningFcn’, @mpa_OpeningFcn,
’gui_OutputFcn’, @mpa_OutputFcn,
’gui_LayoutFcn’, [] ,
’gui_Callback’, [1);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end

if nargout

[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else

gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% --- Executes just before mpa is made visible.
function mpa_OpeningFcn(hObject, eventdata, handles, varargin)

% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data_axes (see GUIDATA)
% varargin command line arguments to mpa (see VARARGIN)

% Choose default command line output for mpa
handles.output = hObject;
handles.data = []; % User data
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handles.Hum_pix
handles.Vum_pix = NaN; % Default must be NaNlN

NaN; % Calibration um per pix

% Update handles structure
guidata(hObject, handles);

% Switch axis off for contour
axes (handles.data_axes); 7/ Select the proper axes

axis off;

% Clear command line for errors!
%heclc;

% UIWAIT makes mpa wait for user response (see UIRESUME)
% uiwait (handles.thegui);

% --- Outputs from this function are returned to the command line.
function varargout = mpa_OutputFcn(hObject, eventdata, handles)

% varargout cell array for returning output args (see VARARGOUT);
% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data_axes (see GUIDATA)

% Get default command line output from handles structure
varargout{1} = handles.output;

% --- Executes on button press in pushbuttonl. Load

function pushbuttonl_Callback(hObject, eventdata, handles)

% hObject handle to pushbuttonl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data_axes (see GUIDATA)

% Load data
[handles.data, raw] = openfile();

% Put picture on axes

axes (handles.picture); 7 Select the proper axes
set (handles.picture,’Visible’,’on’);

image (raw) ;

axis off;

% Print size of matrix for user since no axis

dimens = size(handles.data);

set (handles.text6,’String’,[’Image Size: ’...
num2str (dimens (2)) ...
Tx ...

num2str (dimens (1)) ...

’ pixels’]);
% Update handles structure
guidata(hObject, handles);
% Contour of data
contour_of_data(handles);
% —--- Executes on button press in pushbutton2. Analyse

function pushbutton2_Callback(hObject, eventdata, handles)
% hObject handle to pushbutton2 (see GCBO)
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% eventdata reserved - to be defined in a future version of MATLAB

119 7% handles structure with handles and user data_axes (see GUIDATA)

121 % Get cm/pix value to turn pix to cm
Hum_pix = handles.Hum_pix;

123  Vum_pix = handles.Vum_pix;

125 7% Estimate peak location
[I,J] = est_peak(handles.data);
127
% Horizontal fit
129 x = 1:length(handles.data(I,:));
if “(isnan(Hum_pix))
131 x = Hum_pix*x;
end
133 [xthefit, xsummary] = fitgauss(handles.data(I,:),x,x(I));

135 7% Plot the orig and fit
axes (handles.hori_sptsz); 7 Select the proper axes
137 plot(x,handles.data(I,:),’.’,x,xthefit);
axis tight
139 if “(isnan(Hum_pix))
xlabel (’\mum’);
141 else
xlabel (’pixel’);
143  end
ylabel (’Intensity A.U.’);
145
% Vertical fit
147 y = 1:length(handles.data(:,J));
if “(isnan(Vum_pix))
149 y = Vum_pix*y;
end
151 [ythefit, ysummary] = fitgauss(handles.data(:,J)’,y,y(J));

153 % Plot the orig and fit

axes (handles.vert_sptsz); 7 Select the proper axes
155 plot(handles.data(:,J),y,’.’,ythefit,y);

set (handles.vert_sptsz,’XDir’,’reverse’); / Set reverse direction axis
157 axis tight

if “(isnan(Vum_pix))
159 ylabel (’\mum’);

else
161 ylabel (’pixel’);

end
163 xlabel(’Intensity A.U.’);

165 % Publish fit results.

handles = fitresults(handles, xsummary,ysummary);
167 7 Update handles structure

guidata (hObject, handles);

169
% --- Executes on button press in pushbutton3. Save
171 function pushbutton3_Callback(hObject, eventdata, handles)
% hObject handle to pushbutton3 (see GCBO)
173 7 eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data_axes (see GUIDATA)
175

% Bring up pop-up box to save
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[filename, pathname] = uiputfile(’*.fig’, ’Save session as’,’untitled.fig’);

% If box was cancelled do nothing else save.
if ischar(filename)
set (hObject,’Value’,0);’ Stops button being down when saving

saveas (gcbf, [pathname filename], ’fig’);

end

% —--- Executes on button press in togglebuttonl. Zoom

function togglebuttonl_Callback(hObject, eventdata, handles)

% hObject handle to togglebuttonl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hint: get (hObject,’Value’) returns toggle state of togglebuttoni

if get (hObject,’Value’)
zoom on;
else

zoom off;

end

% --- Executes on button press in togglebutton4. Auto zoom

function togglebutton4_Callback(hObject, eventdata, handles)

% hObject handle to togglebutton4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hint: get(hObject,’Value’) returns toggle state of togglebutton4d

if get(hObject,’Value’)
% --- Code for peak
a = handles.data; 7% a for "a matrix"
[I,J] = est_peak(a);

% Get cm/pix value to turn pix to cm
Hum_pix = handles.Hum_pix;

Vum_pix = handles.Vum_pix;

% Horizontal
x = 1:length(handles.data(I,:));
if “(isnan(Hum_pix))

x = Hum_pix*x;

end

% Vertical
y = 1l:length(handles.data(:,J));
if “(isnan(Vum_pix))
y = Vum_pix*y;
end

% Take peak
peak = a(I,J);

% Take estimate spotsize

temp = find(sign(a(I,:) - peakx*exp(-2)) == 1);
spot_est = (temp(end)-temp (1))/2;

% Take a range of 2 spotsizes

elminx = round(min(temp)-spot_est);

elmaxx = round(max(temp)+spot_est);
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237 % Take estimate spotsize
temp = find(sign(a(:,J) - peak*exp(-2)) == 1);
239 spot_est = (temp(end)-temp(1))/2;
% Take a range of 2 spotsizes
241 elminy = round(min(temp)-spot_est);
elmaxy = round(max(temp)+spot_est);
243

% Select the proper axes
245 axes (handles.data_axes);

% Zooms by changing the axis viewed.

247 axis([elminx elmaxx elminy elmaxyl);
% Select other axes proper axes
249 axes (handles.hori_sptsz);
axis ([x(elminx) x(elmaxx) O max(a(I,:))]1);
251 axes (handles.vert_sptsz);
axis ([0 max(a(:,J)) y(elminy) y(elmaxy)l);
253 % Don’t forget the picture
axes (handles.picture);
255 axis ([elminx elmaxx length(a(:,J))-elmaxy length(a(:,J))-elminy]l);
257 else

% Select the proper axes
259 axes (handles.data_axes);
% Returns to MATLAB auto control NB.

261 %normal does nothing auto goes beyond data
axis tight;
263 % For the other axes
axes (handles.hori_sptsz);
265 axis tight;
axes (handles.vert_sptsz);
267 axis tight;
axes (handles.picture);
269 axis tight;
end
271
% —--- Executes on button press in pushbutton6. 3D plot
273 function pushbutton6_Callback(hObject, eventdata, handles)
% hObject handle to pushbutton6 (see GCBO)
275 7, eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
277
surf_of_data(handles);
279
% —--- Opening File
281 function [data,raw] = openfile()

283 if exist(’predir.mat’,’file’) YFile with previous path used.
load (’predir.mat’);

285 else
Dir=’’; % Incase of no predir

287 end

289 Y Returns O(zero) if cancelled
hargs: 1st file types, 2nd is title, 3rd path
291 [File,Dir] = uigetfile({’*.bmp’,’ (*.bmp) Bitmap’},’’,Dir);

293 7’ Stops non char DIR being saved

if ischar (Dir)
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save (’predir.mat’,’Dir’); 7 updates the path

% —--- Save data to variable in guidata
raw = imread ([Dir File], ’bmp’);
data = raw(end:-1:1,:,1); % Takes R from RGB
%hdata(:,:,2:3) = [];
data = double(data); % Make data usable by converting to double.
else % Also stops problems plotting eg. mesh.
raw = [];
data = [];
end
% --- Contour of data

function contour_of_data(handles)

if “isempty(handles.data)

%

Plot contour

axes (handles.data_axes); 7/ Select the proper axes
contourf (handles.data,10);

axis off;

end

)

Surf of data

function surf_of_data(handles)

if

“isempty (handles.data)

figure(’name’,’3D Plot’,’numbertitle’,’off’) % Create new figure window
mesh (handles.data);

end

%

Writes to the Results Box

function handles = fitresults(handles,xsummary,ysummary)

h

String with results

summary = {’Fit Results:’,’’,...

’Horizontal:’,

’Vertical:’,

xsummary{1l:end}, ’’,...
ysummary{1:end}};

%get (handles.fitresults,’String’)

set (handles.fitresults,’String’,summary);

% --- Estimate peak position

function [I,J] = est_peak(a)

% Takes the average found good estimate

[I,J] = find(a == max(max(a)));

I = round(mean(I));

J = round(mean(J));

% --- Gaussian parametric fit - NB. uses curve fitting toolbox!

function [thefit,

pA
f

%

coeffs
thefit

pA
pA

Type to fit
= fittype (’A*xexp(-0.5.*x(((x-mu)/std_dev)."2)) + B’);
[f1,out] = fit(x’,signal’,f,’Startpoint’,[200 10 gmu 0.3*gmul,’MaxFunEvals’,le4);

Ouput the fit as vector

= coeffvalues (f1)

B

summary] = fitgauss(signal,x,gmu)

= coeffs(1)*exp(-0.5.%(((x-coeffs(3))/coeffs(4)).72)) + coeffs(2);

Fill out summary cell

NB.

Not sqrt (2)because

NB. std_dev can be -ve so take abs()
it is fitted to intensity.
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summary = {[’R"2 = ’ num2str (out.rsquare)],...
355 [’mu = ° num2str (coeffs(3))],...
[’std_dev = ’ num2str (abs(coeffs(4)))],...
357 [’spotsize = ’ num2str(2.*abs(coeffs(4)))],...
[’amp = ’ num2str(coeffs(1))],...
359 [’thres = ’ num2str (coeffs(2))]1};

361 function edit2_Callback(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)
363 I eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
365
% Hints: get(hObject,’String’) returns contents of edit2 as text
367 str2double (get (hObject ,’String’)) returns contents of edit2 as a
% double
369

handles.Hum_pix = str2double(get(hObject,’String’));
371 7 Update handles structure
guidata (hObject, handles);

373

% —--- Executes during object creation, after setting all properties.
375 function edit2_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)
377 . eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called
379

% Hint: edit controls usually have a white background on Windows.
381 % See ISPC and COMPUTER.

if ispc && isequal (get(hObject,’BackgroundColor’),
383 get (0, defaultUicontrolBackgroundColor’))

set (hObject, ’BackgroundColor’,’white’);

385 end

387 function edit4_Callback(hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)
389 7, eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
391
% Hints: get(hObject,’String’) returns contents of edit4 as text
393 str2double (get (hObject ,’String’)) returns contents of edit4 as a
yA double
395

handles.Vum_pix = str2double(get(hObject,’String’));
397 7’ Update handles structure
guidata (hObject, handles);

399
% --- Executes during object creation, after setting all properties.
401 function edit4_CreateFcn(hObject, eventdata, handles)
% hObject handle to edit4 (see GCBO)
403 7 eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
405
% Hint: edit controls usually have a white background on Windows.
407 % See ISPC and COMPUTER.
if ispc && isequal(get (hObject,’BackgroundColor’),
409 get (0, defaultUicontrolBackgroundColor’))

set (hObject , ’BackgroundColor’,’white’);
411 end
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