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Abstract

The femtosecond laser has been a powerful tool to achieve laser processing and
microfabrication due to the advantages of unprecedented high peak intensity, a small
heat-affected zone and the capability of three dimensional fabrication on micro-/nano-
scales,

In recent years, opto-microfluidics has emerged and progressed rapidly with many
practical applications. Various microchannels and optical components have been
integrated into a palm-size chip to accomplish optical measurements, clnical diagnostics,
molecular analysis, and chemical synthesis. Opto-microfluidic devices significantly
reduce reagent consumption, waste production, analysis time and labour costs.

Tn this dissertation, femtosecond laser microfabrication for the fabrication of opto-
‘microfluidic devices in fused silica is studied. Femtosecond laser microfabrication on the
surface and in the bulk of the samples is achieved using analysis on the influence of

various fabrication parameters. Fabrication of surface/ bulk microchannels of variable

specifications has been demonstrated by femtosecond laser microfabrication assisted by
hydrofluoric acid etching. The feasibility of fabricating of waveguides in glass with
femtosecond lasers has also been proved. Laminar flow and particle counting are

accomplished with the femtosecond laser microfabricated opto-microfluidic devices. The

fecti fthese is investigated.
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Chapter 1 Introduction
1.1 Femtosecond laser microfabrication

Since the first laser was reported by Theodore Maiman at the Hughes Research
Laboratory in California in 1960, laser technology has made great progress over the past

50 years. Many powerful laser systems are now used for fabrication such as cuting,

welding, quenching and carving [1]. However, long duration pulsed lasers and continuous
wave (CW) lasers [2], such as CO; and Nd:YAG lasers, generate a significant amount of
heat by resonance absorption. The heat melts material in the focus regions, disperses into
neighbouring regions, and induces a large heat-affected zone which decreases machining
precision. Excimer lasers [3], which are a kind of ultraviolet (UV) laser with a pulse
width of tens of nanoseconds, can disintegrate the molecular bonds within materials and
ablate rather than melt the material. Excimer lasers can remove the surface material of the
particular region without heating or changing the surrounding material; therefore, they are
commonly used in eye surgery and semiconductor manufacturing. However, excimer
lasers are limited to microfabrication on surfaces. In the 1990s, femtosecond lasers with

extremely high peak intensity and ultrashort pulse duration emerged, making high

precision, small heat-affected zone and three-dimensional laser microfabrication feasible.

1.1.1 Fabrication mechanisms

Compared with conventional laser-matter interactions, the processes between a

femtosecond laser and matter are more complicated. When a femtosecond laser pulse is

tightly focused into a bulk sample, the high pulse intensity in the focal region induces a



large amount of from band by

and then the excited electrons absorb the laser energy by avalanche ionization to form
plasma. Plasma transfers the energy to the lattices by coupling with photons and phonons.
If the lattices deposit enough energy, permanent structural changes will occur at the
focused location. Therefore, nonlinear photoionization and avalanche ionization are the
Kernels for understanding the fabrication mechanisms.
1.1.1.1 Nonlinear photoionization

Photoionization refers to a process, in which an electron in a bound state of an atom
or molecule is excited into a free state by absorption of an energetic photon. For a
femtosecond laser, the laser wavelength is commonly in the near infrared (IR) or visible
region which is transparent to some materials such as fused silica. The energy of a single
laser photon is not high enough to excite an electron from the valence band to the
conduction band and induce linear photoionization. Therefore, the atom or molecule has
to simultaneously absorb multiple photons in order to overcome the ionization potential.
“This process is called multiphoton ionization (MPI). The multiphoton absorption rate

@y can be expressed as [4]

Qun(D=al" an
where 1 is the number of photons required for ionization, @ is the absorption cross
section of m photons and 1 is the laser intensity. Multiphoton ionization is often induced
by a laser with a short wavelength and low intensity. Tunnel ionization (5], another type

of nonlinear photoionization, is often induced by a laser pulse with a long wavelength and

strong laser fields. In an intense electric field, the potential barrier of an atom (molccule)



drastically distorts. Therefore, the barrier length decreases and electrons easily escape
from the atom (molecule).

In 1965, Keldysh introduced a parameter 7 to distinguish multiphoton ionization
and tunnel fonization [6]. A recent study by Chin e . revealed that, ify < 0.5, it s in the

tunnel regime, and ify > 0.5, it i in the multiphoton regime (Fig. 1-1) [5],

y<05 7~05 7>05
Tunnel Intermediate MPI

hoton ionization.

Figure 1-1 Schematic illustration of tunnel ionization and mul

1112 Avalanche ionization

After nonlinear photoionization, a few electrons with low initial kinetic energies
escape from the valence band to the conduction band. These free electrons in the strong
laser fields could absorb or emit n photons while scattering with a much heavier particle
(atom, molecule or ion). The heavy particle keeps the momentum constant during the
interaction. The process of absorbing # photons is called inverse Bremsstrahlung or free-
free transition. After one or more inverse Bremsstrahlung processes, the free electrons
acquire kinetic energy £, , which is higher than the ionization potential. Subsequent
collision gives rise to the release of an extra free electron from the molecule or atom, and

results in two fiee low energy electrons. The two electrons undergo the same processes as



before, cach giving risc to two more electrons, and so on, until the material breaks down.

“This is called cascade or avalanche ionization 5],

112 ications of laser

When high energy femtosecond laser pulses, which can induce nonlinear processes,
are focused on a bulk sample, the sample will be modified at the focus region with fewer
heat-affected zones, and then three-dimensional structures can be fabricated by moving
the sample through the femtosecond laser beam. Depending on the different properties of
the laser, three types of structures can be writien in transparent dielectric materials:
isotropic positive refractive index modification [7-9], birefringence modification [10-12],
and voids due to micro-explosion [13-15]. Among the various fabricated structures,
optical waveguides (refractive index modification) and microchannels (voids due to
micro-explosion) are two important  structures with promising applications in

optoelectronic devices.

.1.2.1 Optical waveguides

a femtosecond laser

Hirao et al. first reported the writing of waveguides in glass
in 1996 [16]. When a 810 nm Ti: Sapphire laser with a pulse width of 120 fs and a

repetition rate of 200 kHz was focused through 5~20x microscope objective lenses to

imadiate silica glasses, the refractive index of silica glass was found 10 increase at the
focus region. By displacing the glass sample, waveguides were fabricated.

I the next few years, waveguides constructed in different photosensitive materials

were reported, such as LiTaOs [17], Foturan glass [18], erbium-doped oxyfluoride



glass [19], Er Yb-doped oxyfluoride silicate glass [20], aluminosilicate glass [21], and
sodium aluminum phosphate glass [22). Near-field profiles, refractive index profiles, and
propagation losses of the waveguides at different pulse intensities, wavelengths,
durations, repetition rates, polarizations, depths of focus, speeds of scan, and numeral

apertures of objective lenses were reported [19, 23-27],

When using conventional spherical focusing lens in perpendicular waveguide writing,
the cross sections of the waveguides produce strong core asymmetry which causes
significant propagation loss [27]. The multi-scan technique [8, 20, 28] is a typical method
o produce waveguides with a symmetrical cross section (such as circular or square). In
2002, Cenullo et al. proposed an astigmatic beam configuration to overcome the
asymmetry [29, 30]. In the experiments, two cylindrical lenses were inserted in the path
to reshape the beam. Waveguides with circular cross section were produced by astigmatic
beams irradiation. Cheng ef al. proposed a sit shaping configuration [31], in which a slit
with its long dimension parallel to the writing direction was inserted in front of the
objective lens to reshape the laser beam. He e al. used a pair of parallel gratings to
separate the spectral components of the femtosecond laser bea in space before the beam

entered the objective lens, and also obtained waveguides with a circular cross section

[32)

Homoelle et al. fabricated the first Y coupler inside a pure fused silica sample [33],
which opened up new possibilities for the fabrication of photonic devices, such as 1-t0-N
splitters [34, 35], Nx N couplers [36-40], multimode interference waveguides [41],

gratings [42-46] and waveguide lasers [47]



1.1.2.2 Microchannels

Marcinkevicius ef al. succeeded in fabricating microchannels in fused silica with

femtosecond laser pulses iradiation followed by a 5% aqueous solution of HF acid
ctching [48]. Matsuo e al. produced microchannels by using KOH solution as an etchant
after femtosecond laser microfabrication [49)

Because HF acid gradually etches into the interior of a microchannel, different
exposure durations in HF acid cause a typical conical shape of microchannel which is
usually not preferred in the applications. In order to obtain uniform  channels,
Vishnubhatla ef a. iradiated a conical spiral in the opposite direction to complement the
cane [50]. By this technique, a cylindrical microchannel with a length of 4 mm was
achieved. He ef al. heated etched glass sample to a high temperature which was close to
the melting point of fused silica (1700°C) using an oxyhydrogen flame, and drew the
lass sample in a direction parallel to the microchannel to produce a circular cross section
[51.

Besides the methods that are mentioned above, Li ef al. drilled 3-D microchannels in
glass using a water-assisted femtosecond laser [52]. Drilling began from the rear surface
which contacted the distilled water. Then, water flowed into the drilled hole to reduce the
effect from blocking and re-depositing of ablated material in the small hole. Further
research done by other rescarch groups achieved drilling microfluidic chambers and

mult-microholes by a multple-focus process [53-57).



1.2 Opto-microfluidics

Optofluidics refers to a platform of integrated optical devices and systems that
performs an investigation on the properties of fluids. By combining microfluidic and
optics technologies, optofluidic devices integrate bulky laboratory equipment into a palm-
sized chip to realize optical measurements, biological analyses, and chemical syntheses.
Microfluidic and optofluidic devices significantly reduce reagent consumption, waste
production, analysis time and labour cost. There is no distinct boundary between
microfluidics and optofluidics because many common techniques and applications are
found in these two disciplines. We use the term “opto-microfluidics” to refer to the
research that takes advantages of both optics/photonics and microfluidics. A few
monographs provide good reviews on the history and development in the field of opto-

microfluidics [58-63].
1.2.1 Techniques for microfabrication of opto-microfluidic devices

The first microfluidic device was a miniaturized gas chromatography (GC) system
developed by Terry ef al. [64] at Stanford University in the 1970s. In the 19805, the
‘rowth of molecular biology, and especially of genomes, DNA, and proteins, stimulated
the development of devices with higher sensitivity and resolution for microanalysis
Microfluidic systems for analyzing aqueous solutions were developed by some rescarch
groups [65-67). The original microfluidic fabrication technologies were derived from
silicon microelectronics, which were well developed in the semiconductor industry.
However, these techniques are very expensive, complicated, and time consuming,

Furthermore, silicon is not suitable to be applied in a microfluidic device due to its being



‘opagque to visible and UV light, in addition to its high cost. One of feasible techniques for
the fabrication of microfluidic devices is microelectromechanical systems (MEMS) (Fig.
1-2). During fabrication, a material, typically a polymer, is deposited on a substrate first,

and then the master patiem

transferred into the material by lithography. Afier an

) cither the exposed or unexposed material is

etching process (wet or dry etchi
removed. Finally a cover is attached on the surface of the chip to enclose the

microchannels.
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Figure 1-2 Procedures for the fabrication of a microfluidic device by MEMS technology.

Another widely adopted method to fabricate a microfluidic system is casting, in which
a soft polymer elastomer of high optical trnsparcncy is used, ic. poly
(dimethylsiloxane) (PDMS) or poly (methyl methacrylate) (PMMA). Figure 1-3 shows
the steps for the fabrication of a microfluidic device by casting. A mold is produced by
soft lithography [68, 69] or laser fabrication [70-72] in a photoresist layer (SU-8) or a

metallic sheet. The hot embossing technique [70, 72, 73], or poured molding method [71,




74-76), is used to duplicate the mold in the polymer sheet. The peeled polymer replica s
sealed to a flat surfice to enclose the channels. Very complex structures in a microfluidic
device can be developed by stacking multiple polymer layers (100 um in thickness per

layer), similar to a sandwich structure (74, 77). The time period

less than two days

starting from design to the production of a functional device.

Ibossing

="

Figure 1-3 Steps for the fabrication of a microfluidic device by casting

In some cases, optical components, especially optofluidic waveguides, were
integrated into the chips, and their effectiveness in the transmission of light were
demonstrated. Examples include solid core/solid cladding waveguides (78, 79], solid
corefliquid cladding waveguides, liquid core/solid cladding waveguides (80, liquid
core/liquid cladding waveguides and hybrid waveguides (75, 81, 82]. They are essential
optofluidic technologies even though the term “optofluidics™ was not coined at that time,

The term “optofiuidics™ first appeared in the name of a University Research Center



founded by the Defense Advanced Research Projects Agency (DARPA) in 2003. It
defined optofiuidics as a field to “develop adaptive optical circuits by integrating optical

and fluidic devices.” Now, optofluidics has been broadly defined as the combination of

and microfluidi

opi in the same platform to leverage specific advantages of these two

disciplines [62]

For applications in optofiuidics, the drawbacks of using polymer materials, such as
solubility in many common solvents, damage after tightly focused laser irmadiation, and
fluorescence at certain common wavelengths, appear to be severe. In contrast, glass-based
devices with high optical transparency to visible light and inertness to chemical solvents
are very suitable for these applications. Consequently, new fabrication techniques are

required to produce microfabri

tion in various glasses. In this regard, ulrafast laser

microfabrication has been revealed as a powerful approach to fabricate opto-microfluidic

devi

s in glass (83

Any of the aforementioned microfabrication techniques i effective to fabricate opto-
microfluidic devices with pros and cons. Table 1-1 compares the advantages and

drawbacks of different techniques used for fuidi

devices. Judicious selection is necessary in order to choose a suitable technique for a
specific application. In some cases, a special approach may be required o overcome the

drawbacks of a specific microfabrication technique.
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1221 Opto-microfluidic sensors for biological analysis

“The original motivation for developing opto-microfluidics was for biological analysis,
in which immunoassay and DNA separation have been the two main applications.
Immunoassay s a biochemical technique that detects the presence and quanities of
antibodies or antigens in samples [86-88]. Competitive immunoassay and sandwich assay
are two common methods. When a labeled (such as an enzyme or fluorescent dye)
analytical reagent with special antigens or antibodies is mixed with the sample, a specific
binding will form between the antigen and the corresponding antibody. The changes in
colour and intensity of light from the labeled binding are recorded to- identify the
immunity of the sample. The traditional technique requires a large amount of reagents and

a long incubation

. Microfluidics-based immunoassays have been developed by

several research groups. For instance, in a sandwich assay for the antigen, the antibody is




injected into the microchannels by a pressure-driven [89], electrokinetic control [90, 91)
or centrifugal force [92], and deposited onto the wall of the microchannels to form the
solid-phase antibody. Then the antigen in the sample is mixed with the solid-phase
antibody in the microchannel, and finally another labeled antibody is added into the
microchannel for signal generation. The colour signals from the antibody-antigen-labeled
antibody bindings are detected by a fluorescence microscope afler removing excess
antibodies and antigens through washing steps. All steps can be completed in one hour, and
the reagent consumption is only on the order of microliters. Roos ef . [93] and Herrmann
et al. [94] used microspheres to support the binding, and the fluorescence signals were
collected from these microbeads. These microspheres provided an increased surface area
o support the immune complex. Nanoparticle-labeled microfluidic immunoassay [95]
was reported by Lin e al, in which free labeled antigens were deposited on the
nanoscaled gold particles, and the scattered light from the particles provided readout to

trace the bindings between antibodies and antigens.

Capillary electrophoresis (CE) is a rapidly growing opto-microfluidic. separation
technique, which has been applied in bioanalysis, environmental pollutant analysis and food
analysis [96, 97). By using high electrc fields (larger than 500 V/em), all ions and positive
o negative particles in the sample generate electroosmotic and  electrophoretic. flow
respectively. Electroosmotic flow pulls the analytes in the buffer solution through the
capillary toward the cathode. However, the electrophoretic flow reduces the flow rate of the
negatively charged analytes and increases the flow rate of positively charged analytes in the

capillary. Therefore, the analytes separate due to different mobilities. UV absorption



detectors are equipped to detect the constituents of the sample near the outlet of the
capillary. The data from the detector i displayed as an electropherogram, in which peaks at

different times are shown for separated chemical compounds.

A CE instrument is formed when the microchannels and reservoirs are assembled in a
chip with extra high potential. Figure 14 illustrates two types of CE chips and their
operations. First, a sample is injected into the sample well. Then, high voltage is applied
at the sample well and the sample waste well (ground). The high electric field pulls the
sample from the sample well to the sample waster well (Fig. 1-4 (b)). Finally, the voltage
is removed and another high voltage is applied to the buffer well and buffer waster well
(ground). The sample within the intersection is drawn towards the buffer waster well (Fig.
1-4 (c)). Through this step, the constituents of the sample are separated by electroosmotic

and electrophoretic flow.
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Figure 14 Schematic llustration of a CE chips (a) a CE chip with reservoirs; (b) CE Process of
the injection phase; and (c) CE process of the separation phase.
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The CE chips are extensively used in medical research such as DNA analysis [98],
infectious discase diagnostics [99] and sample purification [100]. Now some companies
such as Micronit Microfluidics BV in the Netherlands, microLIQUID in the USA and
Micralyne Inc. in Canada supply CE chips and kits for clinical diagnostics. Meanwhile,
several research groups have integrated different components into CE chips to satisfy
diverse needs of analysis. For example, the combination of polymerase chain reaction
(PCR) with CE chip (PCR-CE chip) is a focus of research, in which one o multiple PCR
chambers are integrated into the CE chip to incubate and analyze DNA simultaneously
[101-106]. Prakash e al. fabricated PCR arrays with PCR valves and ports on the CE.
chip to control the flow of samples in each PCR chamber. The CE chip can be reused by
using different PCR chambers [107]. The proposals that combine multichannel with CE
chips to produce mixing, reaction and separation were also reported by some research
groups [108-111]. Munce ef al. used CE with optical tweezers to achieve single-cell
sorting and analysis in one chip [112]. A CE chip that was integrated with an acoustic
wave sensor successfully trapped single live myocyte and clearly detected the contraction
and relaxation of the cell without any influence from other cells [113].

“The commonly adopted detection method in a CE chip s a confocal detection system.
Bliss er al. integrated optical waveguides into a CE chip [114]. The electropherogram
demonstrated that the waveguide detection possesses an equal or higher sensitivity than
that of the confocal system. In order to accurately identify the constituents of a sample,
the CE chip was connected to an electrospray mass spectrometry (ESMS) by a capillary

[106], as shown in Fig. 1-5.
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1.22.2 Opto-microfiuidic chemical sensors

Polymer particles are in high demand in biology, cosmetics, food processing.
medicine, and pesticides. However, insufficient control and the high cost of traditional
chemical synthesis techniques limit their applications. Kumacheva et al. proposed a novel
approach [115] to achieve continuous and scalable production of core-shell droplets and

polymer capsules in microfluidic devices, such as biops [116], Janus

and temary particles [117], microgels of biological polymers [118], monodisperse
particles with microspheres, rods, disks and ellipsoids [119], dynamic lattices [120, 121]
and colloidal partiles at gas-liquid interfaces [122].

Centrifugal microfluidic devices were reported by Salin ef al, in which multiple
chambers and capillary valves were fabricated in a disc. The flow of the solvent was
controlled to achieve dissolution [123], mixing [124], extraction [77, 125] and reactions
[124] between reagents by adjusting the rotational rate of the disc. The components and
concentrations of analytes were measured at a detection unit by fluorescence and
absorption spectra. In some cases, magnets were utilized in the chamber and base to serve

as agitators 10 increase the efficiency of the chemical reaction. Centrifugal microfluidic



devices could be applied in environmental monitoring and soil analysis for their
portability and rapidity.

An optofluidic platform for chemical component analysis by laser-induced breakdown
spectroscopy (LIBS) was achieved by Fedoscjevs e al. [126, 127). A small thermal or
piezoelectric actuator was deposited on the bottom of a microchannel while an orifice of a
few microns was opened on the opposite wall of the actuator. During the operation, a
bubble was first excited at the orifice by the actuator, and then a fast intense laser pulse
broke down the bubble, and thus plasma with the components of the reagent was
generated. As the plasma was cooled down, electrons and ions were recombined,
accompanied by the emission of electromagnetic radiation with fingerprint wavelengths
of the clements in the reagen, as detected by spectroscopic measurements. The most
notable advantage of this technique is non-contact measurement, which completely
avoids sample contamination.

1.2.2.3 Optofiuidic surface plasmon resonance sensors

Surfce plasmon polaritons (SPP) are electromagnetic waves that propagate along a
metal and dielectric interface [128, 129]. SPP can be evanescent, which are excited by
both electrons and photons. The excitation of SPP by photons is usually referred to as
surfuce plasmon resonance (SPR). SPP cannot be directly excited by photons duc to

such as Otto configuration [130),

momentum  mismatch. Special arrangemer
Kretschmann configuration [131], or a diffraction grating [132], are well-known
techniques to couple photons into SPP in order to match the wave vectors of the photon

and the surfuce plasmon, as illustrated in Fig. 1-6. In Otto configuration, the light
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illuminates on a prism, and total intemal reflection happens at the internal botiom of the
prism. When a thin metal film is located close enough to the prism bottom, the SPP is
excited on the surface of the metal by the interaction between an evanescent wave and a
plasma wave (Fig. 146 (2)). The Kretschmann configuration is the most common
approach. In the Kretschmann configuration, a thin metal film is coated onto the prism
bottom. An evanescent wave which is induced by total internal reflection penetrates
through the thin metal film, and excites the SPP at the outer side of the film (Fig. 1-6 (b)).
“The thickness of the metal layer is usually a few tens of nanometers o ensure that the
evanescent wave travels through the metal and couples to a surface plasmon mode (Fig.
16 (). In a diffraction grating system, an evanescent wave is induced by diffvaction at

the surface of metal diffraction gratings, and excites the SPP at the surface of the metal

layer (Fig. 1-6 (c)).
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Since the wave travels on the interface of the metal and the external diclectric layer,
SPR s very sensitive to any change at this interface, such as the density and temperature:
of the dielectric layer and the structure of the metal surface. Optofluidic SPR sensors for
immunoassay and refractive index measurement have been reported by several research

groups [133-135]. In these experiments, a prism coated with a gold film formed one wall

of a micrehannel, and liquid solution as a diclectric material was infused into the gold-
coated microchannel. When light with different incident angles was irradiated on the
interface of the prism and gold film, part of the light, which matched with the SPR angle
fsp, was attenuated into the gold film to generate SPR and the rest of the light was
reflected. As a result, the reflection intensity showed a dip at the SPR angle due to the
absorption of light by the surface plamons. A photodetector was placed at the end of the
device to capture and monitor the intensity of the reflected wave. Immunoassay or
refractive index was measured depending on the intensity changes of reflected light.
Nanohole-based SPR sensors have received considerable atiention in recent years,
One of the most important characteristis of  nanohole array is that the intensity of the
transmitted light is enhanced at certain wavelengths due to SPP coupling when the

incident light irradiates on the surface of the metal film. By monitoring the wavelengths

of the intensity peaks, a nanohole-based SPR sensor is achieved. Compared with a

standard reflective mode SPR sensor, a nanohole SPR

soroperates at normal

incidence without the necessity to consider the SPP angle. Sinton ef al. made nanohole

armay SPR sensors [136-141]. For example, a device with flow-through nanohole arrays,



instead of dead-end nanohole arrays in a SPR sensor, made reagents travel through the

nanoholes rapidly, thus reducing the response time remarkably [141],

‘With the improvement of SPR techniques, surface plasmon resonance imaging (SPRI)
has been proposed as a new kind of detection technique in biology [142]. Kanda et al,
patterned a surface of metal (gold) with free-labeled protein antigens arrays [143). When
the sample flowed through the microchannel located above the patterned gold film, the
antigen-antibody bindings were generated at the arrays. A high contrast SPRI based on
the adsorbed proteins was produced to evaluate the quantitative and qualitative properties
of the antibodies in the sample. Tabrizian ef al. replaced the plain gold film in the SPR
with periodic gold nanoposts to detect DNA hybridization. The optimal result showed a
fivefold SPRI enhancement compared with the common SPRI [144]. The same research
group also combined the SPRI technique with digital microfluidics (DMF) to detect
biological samples [145, 146]. DMF is a fluid manipulation technique, in which
pattemned array of electrodes is etched on the substrate with MEMS techniques and then
coated with a waterproof material like Teflon to form DMF. Droplets can dispense and
‘merge in DMF when an electrical potential is applied on sequential electrodes in the array
[147-151]. Therefore, this combination achieved real-time monitoring and detection of

reactions.
1.2.2.4 Opto-microfluidic sensors integrated with novel optical functionalities

Integration of micro-optical components into a chip could effectively shape beams to

enhance the sensitivity of a sensor and inerease its portability. Besides optical waveguides

discussed in the previous sections, Table 1-2 lists several micro-optical components
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integrated in opto-microfluidic devices, which include lenses [152-157], gratings [78,
158], mirrors (13, 159, 160] and light sources [161-163]. There is a continuing effort to

I functionalities.

of multple components to acquire novel opi

produce integrati

Optical tweezers are important instruments to trap and sort particles like cells,
proteins, and microspheres. A tightly-focused laser beam (Gaussian beam) provides an
attractive or repulsive force on the particles due to the changes in the momentum of light
upon reflection or refraction. Although the force is on the order of piconewtons, it is large
enough to hold and move small objects with sizes of several tens of microns. Taking
advantage of the merits of opto-microfluidic devices with narrow channel widths, fiber-
microfluidic tweezers have been particularly attractive in studying a variety of biological
systems. Sinton et al. accomplished trapping multi-microsphere by dual-beam, which
could be applied for contact-free storage of biological cells as well [164-167). In addition,
Guo et al. fabricated a microfluidic chip with on-chip lens structures o reduce the beam
waist of the light and achieved a higher efficiency in optical operation and optofluidic

transportation [152].
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The microcytometer is another important application of opto-microfluidic sensors.

Azmayesh-Fard et al. [74] first injected two types of mixed dyed particles into the
microchannel, and then coupled two excitation lasers with different wavelengths and

durations into the

icrofluidic device with solid-core waveguides. Finally, a windowed
Fourier transform was applied to the output optical signals. By this step, different types of

partcles were resolved and counted fi

m peak intensities. Multiple parallel waveguides
were integrated into an opto-microfluidic sensor to collect the fluorescent and scattered
signals from labeled cells by Xu ef al. [168). The same group also fabricated micro-lenses
in chips to shape the excitation beam and improve the signal-to-noise ratio of cytometers
[153]. A wide-angle microfluidic cytometer was reported by Tsui ef al. [169-171]. A
conventional eytometer can only collect signals through small-angle forward scattering
(5°) and side scattering (10°) in which errors are apparent when cells gather or irregular
cells and other organelles exist. In the wide-angle microfluidic cytometer, the goniometric
measurement and finite-difference time-domain (FDTD) method were adopted to

overcome the disadvantages of conventional cylometers

Refractive index (RI) sensing is another important application of opto-microfiuidic
sensors, which has been widely applied in environmental monitoring and optical
measurement. Opto-microfluidic RI sensors based on Mach-Zehnder interferometer
(MZI) [79, 172, 173], grating [158, 174], and refractometers [159] have been reported.
Al these reported methods adopted similar principles in which two identical beams were
first coupled into different paths such as a solid core waveguide and a liquid core

waveguide; then interference occurred due to the difference in the optical paths when the



two beams were combined. The measurement of the refractive index of the liquid can be

achieved by monitoring the change of the interference intensity.
1.3 Outline of research

Opto-microfluidics has receives considerable attention for  applications in- optical
measurements, biological analyses, and chemical syntheses due to the significant
advantages of reduce reagent consumption, waste production, analysis time and labour
cost. Among various microfabrication techniques for opto-microfluidic devices,
femtosecond laser microfabrication draws considerable attention. High peak intensity, a

small heat-affected zone and the capability of three-dimensional fabrication make the

femtosecond laser a powerful tool for micromachining and microfabrication. Fused silica,
4 high-purity synthetic amorphous silicon dioxide, possesses a superior transmittance
over a wide spectral range, especially in the ultraviolet, and an exceptional low thermal

expansion coefficient. These excellent optical properties render its wide applications in

various semiconductor and optical equipment. Tn this study, opto-microfluidic devi

s
and systems fabricated by femtosecond lasers in fused silica are proposed and
demonstrated.

Since the understanding of the femtosecond laser microfabrication is the first step in
the design and preparation of opto-microfluidic devices, the surface morphologies and
features of craters and grooves fubricated with different irradiation parameters are first

investigated in Chapter 2. Compared with traditional waveguide fabrication tech

femtosecond waveguide writing exhibits unique advantages of three-dimensional,

maskless fabrication with a single step. In Chapter 3, type Il waveguides are fabricated
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with femtosecond waveguide writing technique. Raman spectra have been applied in the
analyss of structure changes in the waveguides, which provides evidence on the origin of
atype Il waveguide. As an important component of opto-microfluidics, microchannels
fabricated with femtosecond laser irradiation followed by HF acid etching are presented
in Chapter 3 as well. A novel compensation fabrication method is proposed to improve
the structure of microchannels. In addition, intakes are also fabricated for microchannel
interconnection. Chapter § focuses on the laminar flow in the microchannel. Three-
dimensional Y-shaped and three-intake microchannels are fabricated in fused silica, and
Taminar flow is observed in the microchannels using a fluorescence microscope. As the
fundamental flow mechanism at microscale, the laminar flow provides references for
choosing buffers and solutions in opto-microfluidic experiments. An opto-microfluidic
particle counter has been designed and fabricated in fused silica, which is presented in
Chapter 6. Compared with other particle counting devices, this particle counter is a real 3-
dimensional microchannel without any extra bonding process. Furthermore, the operation
was convenient. Experimental results with high precision demonstrate the feasibility of

particle proposed in this study,



Chapter 2 Femtosecond laser microfabrication on surfaces

2.1 Introduction

“The first microstructure fabricated on the surface of a material by a femtosecond laser
was reported in 1995, in which sub-micron holes were machined in a slver film using 200
£5, 800 nm laser pulses. The advantage of a femtosecond laser for micromachining with
‘minimized heat-affected zones was demonstrated by comparing them with the diameter of
nanosecond pulsed laser drilled holes [175]. Since then, various patterns fabricated by
femtosecond lasers have been studied on a wide range of materials, such as copper [176,
177), nickel [178], glass [179-181], silicon [176, 179, 182, 183], and polymers [184].
Through these studies, laser-matter interaction, energy deposition, thermal and collateral

damage were revealed, and femtosecond laser microfabrication as a highly precise

material processing technique was widely recognized.

Since fused silica is an important material for optical devices, ablation of fused silica
by a femtosecond laser has drawn considerable attention. The sizes of ablated craters on
fused silica with laser pulse duration ranging from picoseconds to femtoseconds were
measured; and the dependence of a laser-induced surface damage threshold on pulse
duration was demonstrated [185-187). A clear increase in the size of the ablated craters
for single- or multiple-shot ablation was observed as the laser fluence increased [185,
186]. Ashkenasi et al. proposed that the number of femtosecond laser pulses had a great
impact on the surface damage threshold and the crater depth of fused silica in air or in

vacuum [188, 189]. W et al. reported that the morphology of the ablated microstructure



on the surface changed depending on the focusing condition, and sub-micrometer cavities
and bubbles were fabricated with single pulse shots on the surface of fused silica by
adjusting the focus position [190]. Morphology and composition analysis was performed
on ablated grooves of fused silica, by Kasaai ef al. The results showed that the chemical
composition of a fused silica sample had no significant changes before and afler laser
imadiation, and the crystalline silicon dioide detected from the jected debris illustrated
that the thawing, cooling and re-solidification processes occurred in fused silica during
the laser-matter interaction [191]. Polarization-independent microgrooves were fabricated
on a fused silica surface by femtosecond laser [192). The groove profiles ablated by a
femtosecond laser with various pulse energies (10-200 mW) and scan speeds (1-7 mm/s)
were investigated by Ameer-Beg ef al. [179]. They attributed the increase of the groove
size at the low ablation rate 10 the incubation processes, in which the ablation takes a
certain amount of pulses 1o reach a steady state due 1o weak two photon absorption in
‘material.

All research results mentioned above were obtained under different laser conditions

and experimental setups, and a systematic study has not yet been done. In this study, a

home- . tation established in our laboratory is the
main tool for microfubrication. Comprehensive research is performed, such as making
changes in the surface morphology which result from different laser focusing conditions
on fused silica samples, and investigating features on the fused silica fabricated with

different laser powers, pulse numbers, repetition rates, and writing speeds.



2.2 Experimental setup

The laser system used for fabrication is a Ti: Sapphire femtosecond laser amplifier
with integrated oscillator and pump lasers (Coherent Libra). The output laser pulses have
2 maximum energy of 1 mJ at 800 nm and a pulse width of 67 fs. The repetition rate
could be varied from a single shot to a maximun rate of 1 kHz. As shown in Fig. 2-1,
variable attenuator, consisting of a half wave plate and a polarizer, s placed in the path of
the beam to conirol and continuously adjust the output power of the laser. A shutter
triggered by a LabView program is used to control the exposure time of the sample to
laser irradiation. A power meter monitors the change of the laser power in real time
through a beam splitter.

“The translation stages (Aerotech ATS 100), which moves in three dimensions with 0.3
Jim aceuracy, are powered by a multi-axis motion controller (Acrotech Unidex S11). The
movements of the stages can also be programmed by LabView. A microscope objective

lens focuses the laser beam onto the sample.

Beam

Polarizer ¢

Halfwave  Shutter  Power XY motion stages
plate metes

Figure 2-1 Schematic illustation of the experimental setup.
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“The material for femtosecond laser microfabrication used in this study is fused silica.
‘Small samples are cut from a fused silica disk (125 mm diameter x Imm thickness) with a
diamond cutter. The samples are mounted on the XY stages. A beam splitter reflects the
light from the sample surface into a CCD camera. A suitable position for laser
‘microfabrication on the sample is found with the monitor by adjusting the XYZ stages.
Depending on factors such as laser wavelength, numerical aperture of the objective lens,
and focusing depth, the laser-induced damage threshold of the fused silica varies from
tens to hundreds of nJ [193, 194]. Therefore, the laser energy is adjusted to several uJ (far
larger than nJ) to achieve distinct changes of surface morphology which are observed

more casily by the optical microscopy and the atom force microscopy (AFM).
2.3 Crater characterization
2.3.1 Effects of focusing condition

“The beam produced by a femtosecond laser has a typical Gaussian profile (Fig. 2-2).
@, is the waist size, Zg is the Rayleigh range, b is the depth of focus, and a() is the

radius at which the field intensity drops to 1/e” of their axial values. The time-averaged

intensity distribution is [195]

@n

the beam,  is the radial distance from the center axis of the beam, = is the axial distance

from the beam's waist, and 2 is the wavelength of the beam. Figure 2-3 is the simulation
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of a femtosecond laser beam at the waist region using MATLAB, where @, is 1 um, and
7 is 800 nm. It shows that most of the energy concentrates in a small elliptical central
arca. Therefore, femtosccond lasers are powerful tools to realize microfabrication due to
: the highly concentrated energy within a central area of a few microns in diameter.
.

afz)

V2e,

Figure 2-2 Gaussian beam width ox(2) as a function of the axial distance = . o beam waist; b
depth of focus; Zy: Rayleigh range.

z 4
X i
Y 4

Figure 2 beam. The waist s | pm, =800 nm

‘The focusing condition has a significant effect on the surface morphology. Figure 24
shows a schematic illustration of five different focusing conditions, in which (a) and (¢)

correspond to de-focusing conditions, (b) and (d) show slight de-focusing, and (c)

represents perfect focusing on the sample surface. Figure 2-5 s the image of pits in which

ve lens (20%, NA 0.46) are irradiated

single femtosecond laser pulses through an objet



on the sample, observed by an AFM (MulitMode™ SPM). For the 21 pits in the figure,

each pit was fabricated with the focus location moved up 1 um along the Z axis

sequentially
X
@ ® © @ ©
Figus 24 Schemnasc il of st ousing ondions: 1) nd (&) conepond b de-
() and (¢)show perfect focusing on the

sample surface.

The pits 1"~5™ and 21% in Fig. 2-5 show no change in the morphology of the sample
surface. The reason is that the laser energies at the sample surface in these cases are much
less than the damage threshold, as the focus of the laser is too far away from the sample
surface, such as Fig. 24 (a) and (¢). However, circular tracks can be observed in the bulk
of the sample with an optical microscope for pits 1%~5" (Fig. 2-6). This is because
‘micro-explosion occurs [196] i the vicinity of the focus after the material s iradiated by
the femtosccond laser of high pulse energy. Immense pressure forces the material from
the focus region to move outward. Therefore, a void or low density (refiactive index)
region surrounded by a high density (refractive index) shell is induced. The stress-

induced refractive index changes enhance the visibility of the tracks.



sraph of the 1

Figure 2-5 APM image of 21 pits fabricated by Figure 2-6 An optical m
single pulses with 4 ) energy and an objective  pit in Fig. 2-5.
lens of magnification 20~

When the femtosecond laser is focused on the positions near the surface (Fig. 2-4 (b)),

high pressure makes the vaporized material break through the surface, spray out, and

frecze around the hole. Figure 2-7 presents the AFM images of the ablated crater-like pits

fabricated in different focusing conditions. Increasing debris accumulation around the
craters can be found in the cases of deeper focus location because more material is

vaporized and sprayed out.
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@
igure 2-7 AFM images of the individual pits in Fig.

pit;and (@) the 14 pit.

5t (8) the 6% pit; (b)the 8% pi; (&) the 11

Figure 2-8 gives the changes in the depth and diameter of craters shown in Fig. 2-5.
However, we cannot derive the exact focus location from Fig. 2-8 (a) because the sprayed
material often re-deposits into the craters which affects the measured values of the depths

and diameters of the craters. Considering the symmetry of a Gaussian beam in the Z



direction, as a rule of thumb, we believe that the middle pit 13" corresponds to the best

focusing condition in view of the gradual pattern changes from pit 6" to 20",

Figure 2-8 Changes
conditions.
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2.3.2 Effects of pulse energy

The energy intensity of the Gaussian beam increases with the increase in pulse
energy. Figure 2-9 shows the simulation of the intensity profile of femtosecond laser
beams in the X-Z plane using MATLAB. The scale bar on the right indicates the
correlation between intensity and colour. Red stands for a higher intensity, while blue
represents a lower intensity. A larger size of high-intensity distribution is presented when
the beam energy is higher (right one). This means that more precise focus positions will
possess higher cnergies exceeding the damage threshold. As a result, the diameters and
depths of the ablated craters also increase accordingly. Figure 2-10 presents six craters,
cach ablated by a single pulse of different pulse energies, in which (a) is an AFM image,
(b) and (c) are the changes in the depth and diameter of the craters. The laser is focused
on the sample surface with an objective lens (S0, NA 0.75). The size of crater increases

with the increase of pulse energy as mentioned above.

S
Xum)

Figure 2-9 Simulation of the inte
Jm at a wavelength =500 .

ity profile of a Gaussian beam in the X-Z plane. The waistis |
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2.3.3 Effects of repetition rate

Laser energy deposits through nonlincar absorption and spreads out to nearby regions
by heat diffusion. If the heat diffusion time is longer than the interval time between
pulses, heat accumulates and melts the material around the focus regions [197].
Compared with long pulse lasers such as CO; and excimer lasers, femtosecond lasers
produce much smaller heat effects in laser-matter interactions. Since the ultrafast pulse
laser with a pulse width on the order of tens of femtoseconds (10"%-10™ 5) and the
maximum repeition rate of 1 kHz (Fig. 2-11), the energy from the femtosecond laser
does not have enough time to dissipate into the bulk of the sample within one pulse
duration. Furthermore, the longer pulse interval (relative to the pulse duration) is also

helpful for sample cooling,

~67fs ~67% ~671
- - t(s)
0 0001 0,002

Figure 2-11 » 1

Figure 2-12 shows the effects of the repetition rate on the microfabrication of craters,

in which (a) is an AFM image of the sample, and (b) and (c) are the changes in the depth

and diameter of the craters. 500 pulses with different repetition rates are imadiated on the

sample surface by an objective le

with a magnification of 50x (NA 0.75). The pulse

energy is 3.5 . The number of pulses is accurately controlled by the exposure time of
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the shutter which is computer controlled. The result shows that the size of the crater
increases with the increase of the repetition rate. This is because more heat accumulates
due to a shorter pulse interval between pulses in a higher repeition rate, and more melting
Volume is generated around the focal volume. However, the heat-affected zones are very
small (the increase in the size of the crater is on the order of nanometers for the case with

a pulse energy of 3.5 ), as compared with other kinds of lasers
2.3.4 Effects of pulse number

Figures 2-13 and 2-14 show the effects of pulse number on the craters fabricated by
the femtosecond laser, which is iradiated on the sample surface with a pulse energy of
3.5l by an objective lens with a magnification of 50x (NA 0.75). For the ablation by the
laser beam at a | KHz repetition rate as shown in Fig. 2-13, the diameter and depth of the
crater slightly increase at the first few pulses, and then stop growing after several hundred
shots. The size increase is also caused by heat accumulation effects. With more shots of
laser pulses, the volume of melted material is larger. When the ablation structure grows
large enough afier several hundred pulses, the laser beam intensity drops below the
damage threshold. The crater remains unchanged due to no further energy deposition
oceurs. Figure 2-14 shows the morphology of the pits ablated by the laser beam at a 50
Hz repetition rate, which indicates that the size of the crater is nearly unchanged with the
increase of pulse number. The reason is that the accumulated heat is negligible when laser

pulses with much lower repetition rates irradiate the sample.
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Figure 2-14 Craters
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2.4 Groove characterization

When the laser beam is focused on the surface of a moving sample controlled by

translation stages, a groove is fabri

d. Except for some cases with a specific
description, all structures mentioned in the following sections are ablated with the

femtosecond laser of 1 kHz repetition rate and an objective lens with a n

nification of

50% (NA 0.75). Figure 2-15 is the AFM image of a groove fabricated by the laser of 30 pJ

pulse

y and a translation speed of 1 /s [63]. The V-shaped cross section of the

groove observed in Fig. 2-15 is in

od agreement with the energy distribution of a

Gaussian beam

Figure 2-15 AFM image of a groove fabricated by
cition rate, and 1 s translation speed.

the femtosecond laser of 30 I/ pulse, 1 kHz
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2.4.1 Effects of pulse energy

Figure 2-16 shows the grooves fabricated by the femtosecond laser of different pulse
energies with a translation speed of 1 /s, The result s similar to the fabricated crater
mentioned in the previous section, ie. the size increases with the increase of the pulse
energy.

2.4.2 Effects of translation speed

A lower translation speed of the sample during fabrication means that more laser
pulses irradiate in the same location of the sample. Therefore, the effects of translation
speed are similar (o the effects of pulse number. Figure 2-17 shows the sample fabricated

with different translation speeds at a laser energy of 30 J/ pulse. From Fig. 2-10, the

average diameter of the craters fabricated by a single pulse is about 3.1 um under the
same iradiation parameters, and the size increases to 5 um after multiple laser pulse
imadiation. If the translation speed is 1 s, it means that 5000 pulses irradiate on one
spot, and if the translation speed is SO0 s, it means that 100 pulses irmadiate on one
spot. As mentioned in the previous section, the fabricated structure ceases growing after
enough pulse shots. Therefore, the size of the groove does not exhibit significant change

atalower translation speed. as shown in Fig. 2-17.
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Figure 2-16 Grooves fabricated by the femtosecond laser of differnt pulsc energies at a
ranslaion specd of 1 umis: (a) AFM image of sample; (b) and (c) the changes in the depth and

width of grooves.
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Chapter 3 Femtosecond laser microfabrication in bulk: waveguide

fabrication
3.1 Introduction

As one of the key components of opto-microfluidic devices, integrated optical
‘waveguides efficiently reduce the size of the devices. When a femtosecond laser is tightly
focused into the bulk of fused silica, a permanent reffactive-index increase is induced in
the focus region. Compared with traditional waveguide fabrication techniques, such as
MEMS, poured molding, and hot embossing, femtosecond waveguide writing exhibits
unique advantages of three-dimensional, maskless fabrication with a single step. Figure 3-
1 illustrates two kinds of type | waveguide writing methods by a femtosecond laser of low
energy: transverse waveguide writing and longitudinal waveguide writing. The properties
of waveguides vary significantly, depending on experimental setup, sample material,
depth of the fabricated feature, microscope objective lens, repetition rate, etc. [198],
Eaton ef al. reported that the waveguide with low loss was induced by increasing the
repetition rate of a femtosecond laser due (o heat accumulation effects, and a waveguide

with ~02 dB/em propagation loss was written by a femtosecond laser with 1 MHz

repetition rate in an alkali-free borosilicate glass [199]. Wil ef al. demonstrated that the
‘multimode waveguide in fused silica could be produced only by increasing the writing
speed [200]. Complex photonic devices, such as splitters, gratings, and interferometers,

were created at arbitrary depths inside the bulk of a sample to produce a lab-on-chip

[201).
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@ ®)
Figure 3-1 Schematic illusration of waveguide writing by a femtosecond laser: (a) transverse
waveguide writing; (b) longitudinal waveguide writing.

Different mechanisms for a type 1 waveguide were proposed to explain the nature of

the increase in the refractive-index, such as colour centre formation [202, 203, thermal

ind densification (203, 20). However, none of these hypotheses provide:

effect [204),

ing induced

sufficient evident to support them [206]. The theory of nonlincar pro

refractive index increase is generally accepted.
1n 2001, Chan e al. proposed the use of a confocal spectroscopy setup to survey the

and fluorescence spectra

type I waveguide in the bulk of the sample, in which Ramar
measurements indicated the structural changes of fused silica in the modified region
[205]. Nowadays, Raman spectroscopy has been shown to be a powerful tool to reveal the

es in various materials [207-209)

tics of femtosecond laser-induced wavegui

charact
In addition, the spatial distribution maps of the Raman intensity and peak shift in the

transverse plane o the waveguide, which could be obtained from a high resolution

scanning confocal microscope, provide more direct analysis of laser-matter interaction

1210-213],



When lines are written with low pulse energy (below the damage threshold of the

‘material), a type | waveguide appears at the focus region. However, when the pulse laser
with a pulse energy above the damage threshold of the material focuses on the bulk of the
sample, a type II waveguide structure is fabricated. As shown in Fig. 3-2, two parallel
lines are fabricated in the bulk of the sample. The centre region, which has a higher
refractive index than the focus regions, can transmit light as an optical waveguide.

Several rescarch groups succeeded in fabricating type 11 waveguides in fused silica, Yb-

doped KY(WOy); crystals,lithium niobate and LiNbOs, and corresponding near-field and
refractive index profiles have been reported [210, 214-218].

I this chapter, different type Il waveguides are fabricated in the bulk of fused
samples. Afer fabrication, the edges of the sample are polished with polishing paper
(3M", 30 pm, 15 pm, 9 um, 5 pm, 3 um, | pm, and 0.5 um grit) to reduce the coupling
loss. The distributions of the Raman intensity in the waveguide focal plane as indicates by
the dashed line in Fig. 3-3 and the near-field images of waveguides with different
fabricated parameters are studied.
How,

z

20 pm

Fabrication r

Figure 32 Schematic illustration of a type I Figwe 3-3 Location for Raman spectra
waveguide writing. analysis.




3.2 Raman spectra of waveguides in fused silica

‘When light encounters atoms or molecules, most incident photons are scattered with
the same energy and wavelength. This kind of elastic scattering is Rayleigh scattering,
However, a small fraction of the incident photons interacts with atoms or molecules in the
sample, and gains or loses energy. As a result, the scattered photons exhibit shifls in
frequency. Such inelastic scattering is referred to as Raman scattering. Raman scattering
can oceur accompanying a change in vibrational, rotational or electronic energy of a
molecule. A spectral analysis of the scattered light provides a fingerprint to quickly
identify and analyze molecules.

Silicon dioxide (Si02) can be described as a tetrahedron with four oxygen atoms
surrounding a silicon atom. Figure 3-4 (a) shows the molecular structure of SiO;. Fused
silica s a high-purity synthetic silicon dioxide in amorphous (non-crystalline) form. The
three-, five- and six-membered ring structures of fused silica are shown in Fig. 3-4 (b).

The greater the number of three-membered ring structures a fused silica has, the higher its

density due 1o less empty space in the three-

iembered ring structure.

® Onen

@ silicon”

@
Figure 34 Molecular structures of (a) Si0; and (b) fused
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Figure 3-5 is the Raman spectrum of pristine fused silica without femtosecond laser
imadiation. The spectrum is obtained from a confocal Raman spectrometer (HORIBA
LabRAM, 100 mW, 532 nm diode laser, grating with 1800 lines/mm). The green laser
beam is focused onto the sample with an objective lens of magnification of 100% and a
pinhole of S0-microns. The collection time is 60 seconds per spectrum. The peaks of 605
om” and 490 cm” (D; and Dy) are related to oxygen symmetric stretching motions in
three-and four-membered ring structures. The peak 800 cm” () is due to bending

‘motions involving primarily oxygen. The intensity of the 800 cm™ peak scales with the.

total intensity. The peak 1060 em” () is due to out-of-phase and in-phase stretching
‘motions, primarily of oxygen, with litle silicon motion. The intensity ratio between the
605 e’ Raman peak and the total Raman intensity will increase with the increase of
fused silica density. Meanwhile, the densification is also accompanied by a downshift of

the peak frequency at 1060 cm'. The shift can be attributed to both an increase in the Si—

O bond length and a decrease in the mean Si-O-Si angle [205, 219, 220,

Tz 0 6o o0 6w 10 wum oo

p———
Figure 3-5 Raman spectrum of fused silica
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3.2.1 Raman spectra of femtosecond laser fabricated pits

Figure 3-6 is an optical micrograph of a pit fabricated by 10° femtosecond laser pulses
with a pulse energy of 15 l/ pulse and a depth of 20 um below the surface. In order to
obtain a Raman signal coming from the desired region (pi), the fabricated sample is first
mounted on the motion stages of the Raman spectrometer. A white light beam is focused
on the bulk of the sample at the same depth (20 um) as the femtosecond laser by moving
the Z stage. Then the fabricated pit is located with the help of a CCD camera by moving
the XY motion stage. Finally, a diode laser replaces the white light beam to imadiate the
same position to obtain Raman spectra. Figure 3-7 shows the Raman spectra at different
locations around the pit. The rising tails in the Raman spectra are due to fluorescence.
Non-bridging oxygen hole centers (NBOHC) form during femtosecond laser modification
and thus induce fMuorescence. The rising tails are more obvious towards the pit centre
which complicates the accurate evaluation of Raman peak shift at 1060 e For this
reason, the ratio of peak areas (605/800 cm™) is used to evaluate the change of refractive

index instead of peak downshift at 1060 cm™.
3.2.2 Raman spectra of femtosecond laser fabricated lines

As shown in Fig. 3-8, after subtracting the baseline, Gaussian fit and peak integration

using Origin software, the ratio of peak areas (605/800 cm) can be easily obtained.

Figure 3-9 shows the changes single lines at different

the ratio of the peak areas of
pulse energies. The reference ratio is the peak area ratio of the material without

femtosecond laser imadiation. The ratios increase significantly near the locations of the
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fabricated line which means the ensity and refractive index of the material at the
corresponding location increase. Therefore, stress-induced guiding regions appear at both
sides of the femtosecond laser imadiated line. The size of the guiding region increases
with the increase of the pulse energy, which is due to the fact that higher laser energies

induce stronger stress. In addition, the higher energy induces a fabricated line of larger

width. On average, this approach could produce a 2-4 um guiding region for
waveguiding. Figure 3-10 is a near-field image of a single line coupled with a He-Ne
laser of 632.8 nm. The line is fabricated by a pulse energy of 1.5 ul with an objective lens

of magnification 20% (0.46 NA) at a writing speed of 100 /s, The two bright spots on

both sides of the black line (fabricated line) also demonstrate the present

of guiding

regions,
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Figure 3-6. A pit fabricated by 10° pulses  Figure 3-7 Raman spectea at diffrent locations,
with the femtosecond laser of 15  pulse

energy. The pit s located at a depth of 20

Jm below the sample surfice.
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3.2.3 Raman spectra of femtosecond laser fabricated double lines

The stress induced guiding region between two lines can be used as a waveguide.
Figure 3-11 shows the spectra changes of the double lines with different separations.
Lines are fabricated by femtosecond lasers of 12 uJ pulse energy with a writing speed of
5 um's at a depth of 20 um below the surface. Compared with traditional opical

waveg

s such as the fiber and type | waveguide, the refractive index of the core is not
uniform in the type 1T waveguide, which has a low refractive index in the core centre and
a high refractive index in the core fringe. This phenomenon is more obvious in double
lines with larger separations. The refractive index in the centre region is unchanged (over
alength of 10 wm) (Fig. 3-11 (¢)).

Figure 3-12 shows type If waveguides fabricated by different numbers of scans with
the femtosecond laser of 11 uJ pulse energy at a depth of 30 um below the surface. The
separation between the two lines s 15 pm. The writing speed is 10 pms. There is no
significant difference in the ratios of peak arcas after mult-scan (Fig. 3-12). The cflects

of mult-scan on the waveguide transmission is studied in the next section.
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Figure 3-11 (a) An optical micrograph of femtosccond with different

separations; (b), (€), () and (c) the m.nw i the ratios of the peak areas in Raman spectra for
the cases of double line with separations of 10, 15, 20, and 25 um, respectvely.

54



Distance from line centre (um)

@

Figure 3-12 (a), () and (¢) Optical micrographs of pairs of lines fabricated by femtosecond lasers
of 11 at a depth of 30 um below the surface. Writing speed is 10 pm's. The distance between
two lines is 1 um: (d) the changes in the ratios of the peak areas in Raman spectra after different
numbers of scans.



3.2.4 Effects of polarization
Polarization is another important parameter in laser fabrication which may induce

significantly different laser-matter interactions. Bellouard ef al. [221] reported that the

longitudinal polarization (electrical field parallel to the laser writing direction) induced a

larger material density than the transwerse polarization (electrical field perpendicular to
the laser writing direction) in low energy irradiation due to polarization dependent nano-
grating generation in the focus region. Here, we study the effects of polarization on

femtosecond laser microfabrication in fused silica in the high energy case.

Figures 3-13 and 3-14 show the changes in the ratio of peak areas of single lines
fabricated by either longitudinal or transverse polarization. It is evident that no obvious
difference could be found between the two polarizations, which are also in agreement
with the results in Fig. 3-15. The reason s that high laser energy significantly alters the
structure of the samples. The polarization-dependent nano-gratings are destroyed in the
high energy case [222]. Therefore, all the type Il waveguides discussed in the next section

are fabricated by the femtosecond laser of longitudinal polarization.
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Figure 3-13  (a) Opical micrographs of lines fabricated by femtosecond laser beams of different
polarizations with a 12 uJ pulse energy at a depth of 20 um below the surface. Witing speed s S
Jumis; (b) the changes in the ratio of peak areas of Raman spectra for the femtosecond laser beams
of different polarizations.
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Figure 3-14. (3) Optical micrographs of ines fabricated by femtosecond laser beams of different
polarizations with a 25 uJ pulse cnergy at a depth of 40 um below the surface. Witing speed is 5

mis; (b) the changes in the rato of peak areas of Raman spectra for the femtosecond laser beams
of different polarizations.
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Figure 3-15 (2) Opical micrographs of double lines fabricated by femtosecond laser beams of
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3.3 Waveguide characterization

The home-made experimental setup for coupling a laser into a waveguide is shown in
Fig. 3-16. A He-Ne laser source with a wavelength of 632.8 nm is used to coarsely align a
waveguide at first. A tunable laser source (Hewlett Packard 8168F) i used to characterize
the waveguide. The output wavelength of the tunable laser ranges from 1460 to 1590 nm.
0.1 mW CW light emitted from the tunable laser is coupled into a short scction of single-
mode fiber (P1-7324-FC) through an FC/APC connector. The other end of the fiber is
placed into a fiber chuck with chuck holder (Fig. 3-17) and mounted on XYZ stages for
alignment in order to optimize waveguide coupling. The transmitted light is focused by a
100% microscope objective lens (0.95 NA), and collected by a camera head with camera
controller (Hamamatsu, C2741) which is connected to a computer. The near-field image
of the transmitted light is captured by FlashBus spectrim software. Optimized waveguide

coupling is achieved by carefully adj

ting XYZ stages, which is achieved when the

exiting light from the waveguide reaches the maximum brightness.

Fiber chuck holder
ple / Fiber

Figure 3-16 Photograph of the experimental setup for coupling laer light into waveguides.
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Figure 3-17 Type Il waveguide coupling in fused silica using a He-Ne laser at 632.8 nm.

3.3.1 Efffects of separation between lines

Near-field images of waveguides are shown in Fig. 3-18. The waveguides arc
fabricated by a laser pulse energy of 15l at a writing speed of 5 s with twice scans
Laser light with a wavelength of 1550 nm, which show low absorption by fused silica, is
coupled into the waveguide. An elliptical cros scction of transmitted light demonstrates

the success of type Il waveguide fabrication and laser coupling. When the separation

exceeds 30 pm, the wavi

ides show weak exiting light, as shown in Fiy

Therefore, we usually choose 20 um as the separation of type Il waveguides.



Figure 3-18 Near-field image



3.3.2 Effects of laser energy

The origin of the ellptical cross section of the waveguide depends on the length of the

S0 does the

fabricated tracks. Lower fabrication energ

can decrease the length of a trac}
aspect ratio of the waveguide cross section (the ratio of its longer dimension 1o its shorter
dimension). Figure 3-19 shows type Il waveguides fabricated with different laser pulse

energies. The shape of the waveguide cross section appears as a circle in Fig. 3-19 (d).

@ ®)
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3.3.3 Effects of a multi-scan

Figure 3-20 shows the near-field images of waveguides by multiple scans of the
femtosecond laser. The waveguides are fabricated by a laser pulse energy of 15 l at a

writing speed of 5 s, and coupled with a laser of 1550 nm. The transmission loss is

ficant after one fact that pulsed micro-
structures in the fabricated line, which induces inconsistent change in the refractive index
along the X direction. After three scans, the waveguide exhibits a better guiding character
which can be observed from the maximum intensity of the colourbar, as shown in Fig. 3-
20 (¢). Therefore, even though there is no obvious increase in the reffactive index of the
waveguide observed from the Raman spectra after a multi-scan, a multi-scan improves

the uniformity of the change in the refractive index along the X direction.

3.3.4 Effects of writing speed

Near-field images of waveguides with different writing speeds are shown in Fig. 3-21
The waveguides are fabricated by a laser pulse energy of 15 1w with twice scans and
coupled with the laser at 1550 nm. There is no significant difference among these
waveguides. The reason is that te changes in the reffactive index are the same at the low
writing speed due to the fact that the fabricated lines in the waveguide do not exhibit
pronounced change after multi-pulse imadiation at the low writing speed, as mentioned in

Section 2.4.2
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Figure 3-20 Near-fild images of waveguides fabricated by a multi-scan of the femtosecond laser
The fabrication parameters of pulse energy, double line separation, and scan speed are 15 pJ, 20
um, and $ s, respectively



Figure 3-21 Near-field images of waveguides fabricated with the femtosecond laser of dif

witing speeds.

The fabrication parame
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3.3.5 Propagation loss

When light propagates along the waveguide, the intensity of the lig!

continuously
attenuates because of scattering and absorption. To measure the propagation loss, two
waveguides with different lengths (1 cm and 0.5 cm) are fabricated with a laser pulse

energy of 15 with two scans at a writing speed of 10 s, Near-field images of the

waveguides are shown in Fig. 3-22. The ne

field intensities from the two waveguides,

i Tiam and 1 5 are calculated from the images. From the following equation,

I

Propagation Loss=2x101og

) dBlem @an

we estimate that the waveguide propagation loss is ~4 dB/em with these fabrication
parameters. Compared with type I waveguides of a propagation loss of less than 1 dB/cm,
the loss of a type Il waveguide is larger. The main reason is that there are no distinct

boundaries at the top and bottom parts of this type of waveguide, which res

Its in
significant light scattering. However, for the applications of these waveguides in opto-
microfluidic devices, ~4 dB/em propagation loss is acceptable (typical waveguide loss is

0.5 3.0 dB/em).

1em o

Figure 3-22 Near-ield image of waveguides with diferent lengths.
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3.4 Waveguides with complex structures
3.4.1 S-shaped waveguides

ation loss

Compared to straight waveguides uides have larger prop:

S-shaped wave

due to the fact that more scattering loss occurs at the bends. Small-angle bending
introduces a smaller scattering loss. Figure 3-23 shows a schematic diagram and a near-
field image of an S-shaped waveguide. The bending angle is about 0.76". Figure 3-24
shows another S-shaped waveguide. The bending degree is about 26.6°. All waveguides

are fabricated by a laser pulse energy of 15 ) with two scans at a writing speed of 10

/s, Weak transmitied light with lower brightness in Fig. 3-24 (b) demonstrates

higher propagation loss results in this case.

076"
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’—,mwm —

3000 it 4000 um

d waveguide with a

jgure 3-23 An S-shaped wa
Sending angleof 076 (1

ide: (u) schematic diagram of an S-sh
Ad image of the S-shaped waveguides.
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Figure 3-24 An S-shaped waveguide: (a) schematic diagram of an S-shaped waveguide with a
bending angle of 26.6'; (b) near-feld image of the S-shaped waveguide.

3.4.2 Y-shaped waveguides
Y-shaped waveguides play an important role in splitting or combining light, and are
widely applied in opto-microfluidic devices to achieve specific optical functions. Similar

to S-shaped waveguides, Y-shaped waveguides also possess relatively large scattering

loss. Judging by the experimental result on S-shaped waveguides, Y-shaped waveguides

with a small bending angle using a laser pulse energy of 15 J at a writing speed of 10

/s are fabricated. A laser beam with a power of 0.2 mW is coupled into one side of the

waveguide with a separation of 30 um, and then the laser beam is split into two beams




which are transmitted to the other side of the waveguide with a separation of 15 m.

Figures 3-25 and 3-26 are two examples of the Y-shaped waveguides. The near-field

profiles display the feasibility of the Y-shaped waveguide. In addition, Fig. 3-26 (b)

shows a better transmitted light due to a less bending ang
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Chapter 4 laser in bulk:

fabrication
4.1 Introduction

As mentioned in Chapter 1, femtosecond laser iradiation assisted by HF acid etching
can produce microchannels. The properties of the microchannels have been investigated
by changing irradiation and etching parameters such as writing energy, writing speed,
laser polarization, HF concentration and etching time [223-226]. Hnatovsky er al.
reported that the etching rate of the microchannel strongly relies on the laser polarization
in the low energies (~150 nJ) due to the presence of polarization-dependent self-ordered
periodic nanocracks or nanoporous structures [222, 227]. The high dependence of the

etching rate inside the focus region on the femtosecond laser wavelength in fused silica

was observed and explained based on the fact that the fused silica has a higher damage
threshold at  longer writing wavelength, by Sun ef al. [228]

‘The reasons for the selective chemical etching can be explained by the fabrication

‘mechanis

is of the femtosecond laser. A periodic electron plasma concentration i

generated by the interference of the incident laser field with the electron plasma density

wave, and leads to the periodic structural changes (nanogratings or nanovoids) in the
imadiated regions [229]. Although, the HF acid etches the whole sample (irradiated and
unirmadiated regions), the nanogratings and nanovoids cause the acid solution diffusing

into the interior of f

ssed silica to etch the material. Thus faster etching rate appears in the

imadiated regions than that in the unirradiated regions.



In this chapter, we investigate the details of the technique for microchannel
fabrication under different irradiation parameters. Intake apertures and shape-controlled
microchannels fabrication are studied with the compensation fabrication  method.
Combining the optimized fabrication parameters, various microchannels with intakes are
achieved. As shown in Fig. 4-1, we first imadiate the sample with the femtosecond laser,
and then immerse the sample into a diluted HF acid solution of 20% in concentration.

Afier several hours of etching, a microchannel s generated. Simultancous sample rotation

i rotary shakers is adopted to assist the etching process.

Fs laser

Objective lens Y
.' -
vy A=
4

Figure 4-1 Schematic illustration of the procedure for etching-assisted femtosccond. laser
microfabrication.

4.2 Microchannel characterization
4.2.1 Effects of pulse energy

“The common shape of the cross section of a microchannel is an ellipse, which is due
to the nature of the Gaussian beam which induces an elliptical track in the bulk of
samples (Fig. 3-19 (a) and (b). As a result, an elliptical eross section s generated afier

HF acid solution etching (Fig. 4-2). Figure 4-3 shows the microchannels fabricated with

7




different pulse energies. The writing speed is 10 /s, and the etching duration is three
hours. The transverse diameter of the cross section of the microchannel increases
significantly as compared with the increase in the conjugate diameter. This result matches
the Gaussian distribution of a laser beam. From the simulation of the intensity profile of a

Gaussian beam (Fig. 2-9). the intensity distribution increases more remarkably along the

Z axis than that along the X axis when the beam energy increases. Therefore, a higher
pulse energy results in a larger cross section of the microchannel with a higher ratio of the
transverse diameter o its conjugate diameter (aspect ratio). The lengths of the
microchannels are about 131 mm, which have no obvious changes with the increase in
laser pulse energy. The reason is that the high energy (much higher than the damage
threshold) induces similar microstructures in the focus position which lead to the same

etching rate by the HF acid

100 pm

Figure 4-2 Elliptcal cross section of a microchannel

7
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Figure 43 Microchannels fabricated with the femtosecond laser pulses of different energies at a
writing speed of 10 umys followed by 3 hours of etchin: (2 optical micrograph of microchannels
observed from the end fice (Ief) and sbove (righ; (b) changes in the conjugate and transverse
diameter of the cross sections with th inercase in pulse energy



4.22 Effects of writing speed

Figure 4-4 presents the microchannels fabricated with the femtosecond laser of the
same pulse energy (10 ) but at different writing speeds, followed by etching with a
diluted 20% HF solution for three hours. The results demonsirate that the wriing speed in
high energy cases has a minor effect on the microchannel etching at low writing speeds
(less than 50 um/s), which is similar to the results obtained in Section 2.4.2. However, in

er writing speed cases, less nanovoids are induced due o the fact that less laser

pulses imadiate on the same location. In addition, high wriing speed also_ causes

discontinuous modifications in the focus position. As a result, the cross section and the
length of the microchannel significantly decrease as shown for the case of 800 s in Fig

44 (b).
4.2.3 Effects of polarization

As mentioned before, ~polarization-dependent  nanostructures ablated by a
femtosecond laser with low energy play a great role in the sample etching rate. Our
experiments in the high pulse energy case, performed at a pulse energy of 10 ), a writing
speed of 10 s, and an etching time of 3 hours in 20% HF solution, indicate that the
polarization has no significant impact on the microchannel fabrication, as shown in Fig.
4-5. The reason is that disruptive modifications like voids and micro-explosions replace

the polarization-dependent structures in the high energy as mentioned before.
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Figure 4-4 Microchannels fabricated with the femtosecond laser of 10 uJ/pulse at the different ‘
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4.2.4 Effects of number of scans

In Section 3.3.3, we mentioned that mult-scaning affects the ablating structures by

improving the uniformity of the ablating racks. For the study here, multi-scan tracks are
fabricated by femtosecond laser pulses with a pulse energy of 10 uJ, a writing speed of 10
s, and followed by etching for 3 hours in 20% HF solution. The experimental results
indicate that there is no pronounced difference between the resultant microchannels (Fig.
4-6). Therefore, in the next microchannel fabrication, we choosed the fabrication

parameers as: 10 u pulse energy, 10 um’s writing speed, longitudinal polarization, and

single sean

@ ®

Figure 4-5 Microchannels fabricated with the fertosecond laser of a 10 u/pulse in different
polarizations at the writing speed of 10 yms, followed by 3 hours of etching: (3) optical
micrograph of microchanncls observed from ihe end face, and (b) optical micrograph of
‘microchannels observed from above.
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Figure 4-6 Microchannels fabricated with the femtoscond laser of 10 wipulse in different
numbers of scans at the writing speed of 10 ums, followed by 3 hours of etching: (a) optical
‘micrograph of microchannels_observed from the end face, and (b) optical micrograph of
‘microchannels observed from above.

4.2.5 Roughness of microchannels

Roughness of the microchannels is an important aspect for their applications in opto-
microfluidic devices. Large roughness not only influences the flow of liquid in the
microchannels, but also blocks the optical signals from being transmited efliciently.
However, it is difficult o directly measure the roughness of the microchannel inside the
bulk sample using an available technique. In our study, we focus the femtosecond laser
beam 30 um below the sample surfce to fabricate tracks. After § hours of 20% HF acid
solution etching, the upper layer fused silica s eroded, and the microchannel is exposed;

thus, the roughness of the fabricated

icrochannel is studied using a scanning electron

‘microscope (SEM, Hitachi §-570).
4.2.5.1 Effects of pulse energy

Figure 4-7 shows SEM micrographs of the structures of exposed microchannels

fabricated with femtosecond laser beams of different pulse energies at a writing speed of



50 s, The polarization direction is perpendicular to the witing direction. The results
indicate that the pulse energy has no significant effect on the roughness of the
microchannels. Some tiny patterns with sizes less than 1um appear on the wall of the
microchannel, which are caused by disruptive modification. When HF acid seeps into the
voids and micro-explosion cracks, it maintains a longer etching time in these places than
in others; thus, the shapes of voids and micro-explosion cracks are recorded on the wall of
the microchannel
4.2.5.2 Effects of polarization

Figure 4-8 shows the structures of exposed microchannels fabricated with. the
femtosecond laser of a pulse energy of 10 uJ in different polarizations and a writing speed

of 50 ums. The polarization shows no significant effects on the roughness of the

microchannels.
4253 Effects of writing speed

The morphologies of the microchannels fabricated with the femtosecond laser of a

pulse energy of 10 juJ at different writing speeds are shown in Fig. 4-9, in which the
polarization direction is perpendicular to the writing direction. Microchannels fabricated

in lower writing speeds have a smaller roughness due to the fact that more uniform

fer muli-pulse irradiation.



igure 47 (a) End-fuce optical mictograph of microchannels; (b) SEM image of microchannels;
(©), (d) and (e) SEM images of microchannels fabricated by the femtosecond laser with a pulse.
encrgy of 15, 10 and 5 J, respectively. The writing speed is S0 pnus.
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4.3 Intakes of a microchannel

For practical applications with a fluid passing through a microchannel for diagnostics,

circular intakes are needed in order to connect a capillary tube (Upchurch Scientific, 360

Jm OD and 100 g ID) with microchannels. An intake hole with a diameter of 370-380
pm on fused silica can perfectly match the capillary tube. Although a long etching
duration can achieve an intake hole of this size, the roughness of the sample surface will
increase accordingly and the structure of the microchannel will be changed as well
Therefore, we propose a new technique to fabricate the intake hole, in which multiple
concentric cylinders are fabricated in the sample first, followed by HF etching. The
schematic illustration of multiple concentric. cylinders is shown in Fig. 4-10. Each

concentric cylinder consists of multiple fabricated lines which have been designed and

recorded in the control program in advance. The length of the individual line depends on
the depth of the desired microchannel. The separation between any two adjacent lines is
~2 um. Figure 4-11 (a) is the concentric cylinders fabricated with the femtosecond laser
ata pulse energy of 10 uJ and a writing speed of S0 jun/s. The maximur diameters of the
concentic cylinders are 0, 60, 120, and 180 um. A vertical single straight line along the Z
direction is also fabricated and marked with “0”. The intake holes are achieved after

etching the concentric cylinders in 20% HF acid for 4 hours which are shown in Fig. 4-11

(b). The bigger the cylinder is fabricated, the larger intake hole is etched. The surface
diameter of an intake hole increases about 100 wm in 4 hours, Figure 4-12 shows the

structural changes of microchannels with intakes

A horizontal line with a length of 2 mm

i first fabricated at a depth of 300 jm below the sample surface by a femtosecond laser



of 10 ) and a writing speed of 50 s, and then two cylinders with a diameter of 60 um
and length of 300 um are fabricated at two sides of the line (the lower pattern in Fig, 4-12
(@) In addition, we also fabricate a horizontal line connected to two vertical single lines
(like a U shape) at the same laser parameters for comparison (the upper patter in Fig. 4-
12 (a)). After 4-hour-etching in 20% HF acid, a conical shape microchannel with a
narrow neck appears on the lower pattern. The two sides of the upper pattem do not
become connected because the small intake holes limit the amount of HF acid solution
flowing into the microchannel for further etching (Fig. 4-12 (b). After another § hours of
etching, both microchannels with intakes are generated. However, the rough sample
surface is observed in Fig. 4-12 (c) due to the long etching time. As a result, we conclude
that the etching rate in 20% HF acid is about 25 um/hr. 5.5 hours is the proper etching
duration to achieve an intake hole of 370 - 380w in diameter, in which the diameters of

the i

ividual concentric cylinders are 0, 80, 160, and 240 um, respectively. Figure 4-13
presents the side-view of an intake hole connected to a capillary tube, which clearly

shows a perfect match between the intake hole and the capillary tube.

Figure 4-10 Schematic illustration for the fabrication of an intake hole. The red dashed lines are
fabricated tracks of a femiosecond laser. The separation between any two adjacent ines is ~2 .
“The grey eylinder is the final intake hole afier HF etching.



Figure 4-11 Intake holes before and afte HF etching: (a) fabricated concentric cylinders with the
femtosecond laser ata pulse energy of 10 ) and a writing speed of 50 s, A vertical single line
is fabricated and marked with “0°"; (b) intake holes achieved after etching the concentric cylinders
in 20% HF acid for 4 hours.
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Figur 4-12 Micochamel withiakes beforeand s HF thin: o) o pates bicacd by
a femtosecond laser of 10 uJ and a writing speed of 50 unvs; (b) microchanhnels etched by 20%
HF acid for 4 hours; () microchannels etched by 20% HF acid for 9 hours



Intake hole.

Figure 4-13 Optical micrograph of the side-view of an inta
part s the capillary tube.

e hole with a capillary tube. The red

4.4 Shape-controlled microchannels

The common shape of a microchannel is cone-like due to the fact of more ctching
time experienced at the entrance. As mentioned in the previous chapter, the cross section
of a microchannel is an ellipse. In many applications, a circular cross-sectioned

microchannel or eylindrical microchannel is preferred. In this section, we report our

development of compensation techniques for microchannel fubrication.
4.4.1 Conical microchannels

The difference between the transverse and conjugate diameter of the cross section of

microchannel fabricated by the femtosecond laser of 10 uJ pulse energy is about 30 ym

which is observed from the sample side. Therefore, we fabricate a tr

ngle with a base

side of 30 um in length. The maximun separation between two adjacent lines is ~2 jm.

The schematic illustration of our cross section compensation fabrication technique is



shown in Fig. 4-14. Figure 4-15 shows the structural changes of microchannels fabricated
by a common (single line) and compensation fabrication techniques. The shape of the
cross section of the microchannel becomes circular after compensation fabrication.
Another important character of this compensation fabrication is that the length of the
‘microchannel significantly increases because a microchannel of larger cross section hosts

a larger amount of HF acid to enter the sample interior, thus further etching the material

| T,
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Figure 4-14 Schematic illustrtion of a compensation ﬁbmxuun (@ sigle e briaion
tion fabrication with 2

m separation; (d) cross section of compensati
fabricated track, and the red dashed line is the cross section of a commonly fabricated

mictochannel
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Figure 4-15 Comparison of ellptcal and conical microchannel fabrication: (a) microchannels
(brcied by te emtoscondlsrat ol gy f 10 s riin s o 50
(right) of fercdhing

for 4 hours in 20% HF acid solution

4.4.2 Cylindrical microchannels

A similar compensation fabrication technique is also used o produce a cylindrical

‘microchannel (elliptic cylinder). A schematic illustration of cylindrical microchannel

compensation fabrication is shown in Fig. 4-16. Compensating lines are fabricated toward
the opposite direction of a common microchannel. The maximum separation between any

two adjacent lines is ~ 2 pm. After HF etching, a cylindrical microchannel appears.

90



Figure 4-17 presents the microchannels produced by a compensation fabrication method.

‘The first one s a conical hannel, and the second one is a cylindrical hannel.

== suee

Figur 4-16 (s) Schemate htrlon of ytndrical michoctamel fbricton () schemaic

illustration of a long cylindrical microchannel in the bulk of a sample. The blue one is the
common corical micochannel The red ones are exia compensation ienion s 1o
pe “The grey one s the final cylindrical microchannel,

®)
Figure 417 Fabrication of microchanncls by compensation fubrication _technique: (a)
microchannels fabricated by  femtosecond laser at a pulse energy of 10 uJ and a writing speed of
50 i before cchins o) microchannel afe tching for  hours in 20% HF acid soution

91




4.5 Various microchannels

Combining the technique of fabricating a conical microchannel and a cylindrical
‘microchannel, various microchannels have been made. Figures 4-1§ ~4-23 show several
‘microchannels of different shapes. Since these microchannels are etched in different
batches of experiments, slight discrepancies in the widths of the microchannels and the

diameters of the intake holes exist even with the same etching parameters,

@

Figure 4-18 Intakes attached T-shaped microchannel: (a) Iemm»ewnd \M microfubricated
microchannl befor ctching: (b)microchannel e iehing for  hours in 20% I acid soltion

Figure 4-19 Intakes attached Y-shaped microchannel: (a) femtosecond laser microfabricated
‘microchannel before etching; (b) microchannel afte etching for S hours in 20% HF acid solution.




@ (®)
Figure 4-20 Intakes atached Y-shaped microchamne: (o) femtosecond lasr microfabricated
‘microchannelbefore tching; (b) microchannel aferetching for S hoursin 20% HF acid solution.
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[Elms 21 atknced ictecitoal it T s (0 e i s e 4
nel before ctching; (b) microchannel afier ciching for 5.5 hours in 20% HF acid

i,
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Figur 422 akes utached to o microctannel with varyig dumetes: () s () femtoscond
s microbrcaedmicachne befr eching: 9 nd 8 ‘microchannel afte etching for 5
hours in 20% HF acid solut




re 423 nakes wmched o o mirochancal it vaing di . (©) and (&)
femiotccond lser microfbricaed._microchamnls before HF cichng; (5, ( nd (1
microchannels aftr 20% HF echin fo 5.5 hours.
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Chapter 5 Laminar flow in the microchannel

5.1 Introduction

The flow mechanism on a microscale is completely different from that on a
macroscale. On a microscale, laminar flow is the main flow mechanism due to a very low
Reynolds number (the ratio of inertial forces to viscous forces) [230, 231]. Particles in the
fluid move in an orderly way in straight lines along the pipe walls without eddies or
swirls of fluids. Partcle transportation between lines takes place only through diffusion.

The diffusion equation in la

r flow fluids is given by [232]

h2nl-x nlx

an(er/ 2457 mf 2J_

where C(7,x) is the concentration at time and at point x, D is the diffusion coefficient in

Cx)= .1

em’s, 1 is the time in seconds, / is the width of the channel, J is the fluid width of the

1 distriby d C, is the initial fluid in the channel.

Laminar flow has many applications in  micro-optofluidics. T-shaped opto-
microfluidic devices are widely applied in measuring the diffusion coefficient of an
analyte (233, 234], analyte concentration [235], and reaction kinetics [236-238] by
detecting the laminar diffusion in the microchannel. Particle filter through laminar flow
was reported. Particles have different diffusion coefficients depending on their sizes.
When a sample i infused into a H-shaped mirochannnel, small particles diffuse longer
distances than large partcles do over the same duration through laminar flow and large
particles are fltered without membranes [239, 240]. Cho et al. proposed a new technique

o separate motile sperm by laminar flow. When the sperm sample and media are injected

9



into an H-shaped microchannel, the non-motile sperm flows along one channel through
Taminar flow, but the motile sperm disperses and swims to the other channel with a faster
velocity [241],

In this section, in order to understand the flow mechanisms in microchannels for
further opto-microfluidic experiments, fluorescein isothiocynate isomer I (FITC, Sigma-
aldrich®, A, 492 nm; Ay 518 nm) in an aqueous solution ( D = 5x10° em’s ) and
distlled water are used 10 study the laminar flow. In addition, simulations of laminar flow
are carried out with MATLAB software to compare with the experimental results. Tn the

simulation, we first calculate the flow time (diffusion time) 7 from the fluid convergent

Tocation to vari d and then the fluid at various
points are obtained by designating corresponding x and  values into Equation 5.1. A

numerical evaluation uses the first 21 terms in the sum (s

1010+10) [242],
5.2 Assembly of the opto-microfluidic device and system

In order to have a functional opto-microfluidic system for the fluidic diagnostic,
assembly of opto-microfluidic components is a necessary step. In our study, a
‘microchannelled chip is first cleaned in an ultrasonic bath for 15 minutes, then dried and
attached to a microscope slide. A capillary tube of 15 cm in length is tightly inserted into
an intake hole, and sealed with superglue. The other side of the tube for liquid input i
inserted and glued in a syringe needle (Gauge 22). A syringe (BD") of 1 mL in volume is
then connected 1o a syringe pump (Chemyx®, Fusion 400) to form an opto-microfluidic

system. Figure 5-1 shows the procedures to assemble an opto-microfluidic system. In this



process, tube sleeves (the green ones i Fig. 5-1 (b)) are used to improve the durability by

increasing the glue area.

@apillary wh:

Sy n

Microchann
chip

Tube slee
0]
Syring needle  ¢apitlary tube
Syring 7
Microchannel Waster

©
igue 51 Procedures o the ssmbly of an opio-icofidic devicead ysten: () clesning of
 microchannelled chips (b) attachment of capillary twbes onto the chip; (¢) schematic illustration
of connection with a syringe pump.

5.3 Laminar flow in a Y-shaped microfluidic device

In the Y-shaped opto-microfluidic system, FITC and distilled water are infused into

the intake holes by the syringe pump with the same pump speed (Fig. 5-1). An

Epifluoresce

ce microscope (Eclipse E600) is used to observe the flow of FITC in the

microchannel (Fig. 5-2). Lamin:

flow and diffusion are investigated in the cone-shaped

microchannel with an objective lens of magnified 10x. Figures 5-3~5-6 show the laminar



flow with decreasing flow rates (10.0, 1.0, 0.1, and 0.01 wL/min, respectively). In the
higher flow rate case, the diffusion is weak, which can only be observed from the middle
Iayer of the fluids. The diffusion is significant in the low flow rate due to the fact that a
Tong flow time (diffusion time) ¢ spent in the microchannel. The simulation results of
laminar flow in this cone-shaped microchannel are shown below the fluorescence images.
In the simulation, the diameters of the cone-shaped microchannel are 64 jum and 124 m,
and the length of the microchannel is 1232 pm. All data match the sizes of the real

microchannel. The yellow colour shows the FITC fluid, while the black colour represents

the distilled water, and the colours between black and yellow shown in the colour bar
show the different concentrations of flud. The experimental and simulation data perfectly

is exhibited in the initial flow at low

match in high flow rates, but a slight discrey

n i that we consider the structure of the microchannel at the

flow rates. The main reas

fluid convergent location as a cone in the simulation model, which is different from the

microchannel also have

real structure. In addition, the temperature and the roughness of

an impact on the fluid diffusion

@

Figure 5-2 A Y-shaped opto-microfluidic device: (a) channel filled with distilled water; (b)
channel filled with distilled water and fluorescein isothioeyanate isomer I (FITC),
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10 pL/min

Figure 5-3 Flow of fluids in a Y-shaped microchannel with 10 uL/min flow rates. The colour
images are the simulations of the laminar flow and diffusion. The white dashed lines show the

edges of the microchannel,

Figure 54 Flow of fluids in @ Y-shaped microchannel with 1jLimin flow rates. The colour
s are the simulations of the laminar flow and diffusion. The white dashed lines show the
of the microc
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e 5-5 Flow of fluids in a Y-shaped microchannel with 0.IuL/min flow rates. The colour
images are the simulations of the laminar flow and diffusion. The white dashed lines show the
edges of the microchannel

Figure 5-6 Flow of fluids in a Y-shaped microchannel with 0.01L/min flow rates. The colour
he simulations of the laminar flow and diffusion. The white dashed lines show the
edges of the microchannel

imag
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5.4 Laminar flow in an opto-microfluidic device with three intakes

In order to study laminar flow and diffusion of two or three fluids within one channel,
opto-microfluidic devices consisting of a microchannel with three intakes is assembled, as
shown in Fig. 5-7. The shape of the microchannel in the fabricated device is a cylinder
with a diameter of 114 um and a length of 670 jum. Laminar flow and diffusion with
different flow rates are investigated and simulated for different configurations. In the

colour

followed simulated images, the red colour simulates the FITC fluid, the blue
simulates the distilled water, and the colours between blue and red shown in the colour
bar represent the different concentrations of fluid. For a better comparison between the
experimental and simulation results, the fluorescent image is converted into pseudocolour

image using MATLAB.

[intake 1

Intake 1T

iuu 1

@ ®)
Figure 57 Opto-microfluidic device with four-intakes: (3) opto-microfluidic channel with three-
intakes; (b) opto-microfluidic devices with four-intakes assembled with capillry tbes.

Table 5-1 lists three groups of laminar flow and diffusion experiments in different

configurations. Figures 5-8~5-19 show that laminar flow takes place in the microy



1o matter how many different kinds of luid and what flow rates of the fluids are pumped
into the microchannel. No eddies and swirls are observed from the fluorescence
microscope images and the diffusion is more significant at the point with the longer
diffusion time, such as the end of the microchannel in the high flow rate and the whole
microchannel in the Tow flow rate. Fluid with uniform concentration appears at the
position of about 200 wm from the fluid convergent point due to the perfect diffusion at
the flow rate of 0.01 um/min. These experimental results are in good agreement with the
Taminar flow and diffusion simulation results. In addition, when three kinds of fluid are
injected into the microchannel with the same pump rate, the fluid widths of the initial
distribution are 42, 30, and 42 um by simulation with Mathematics software, assuming
the cross section of the microchannel to be ither a circle or an ellipse (Fig. 5-20). The
experimental results show the three fluid widths of the initial distribution are 43, 28, and

43 um, which also coincide with the simulation result.
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Figure 5-8 Flow of fluds in the microchannel of configu

 of the microchannel observed by fluorescence

don A with a flow rate of 10 pLimin:

(@) the Muorescence i

pseudocolour image of (a). The inset is the simulation results. The white dashed lines show the
edges of the microchannel,
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Figune 55 Flow offuids nhe micochanoe of cnfgraion A with lw mc o | WL 0
the microchannel observed by fluorescence microscopy;  (b)
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Figure 5-10 Flow of fluids in the microchannel of configuration A with a flow rate of 0.1 wL/min:
(@) the fluorescence image of the microchannel observed by fluorescence microscopy; (b)

psendocolour image of (1), The inset is the simulation results, The white dashed lines show the

edges of the microchannel,
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Figure 5-11 Flow of fluids in the microchannel of configuration A with a flow rate of 0.01
WL/min (a) the fluorescece image of the microchannel observed by fluorescence microscopy: (b)
pseudocolour image of (). The inset is the simulation results. The white dashed lines show the
edges of the microchannel
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Figure 5-12 Flow of fluids in the microchannel of configuration B with a flow rate of 10 wL/min:

(a) the Muorescence image of the microchannel observed by fluorescence microscopy; (b)

pscudocolour image of (). The inset s the simulation results. The white dashed lines show the

edges of the microchannel
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Figure 5-13 Flow of fluids in the microchany
(@) the fluorescence image of the microchannel observed by fuorescence microscopy; (b)

el of configuration B with a flow rate of | wL/min

pseudocolour image of (2. The inset is the simulation results. The white dashed lines show the

edges of the microchannel
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Figure 5-14 Flow of fluids in the microchannel of configuration B with a flow rate of 0.1 uL/min:

(@) the Muorescence imag

pseudocolour image of (). The inset s the simulation results. The white dashed lines show the
jges of the microchannel.

of the mictochannel observed by fluorescence microscopy; (b)
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Figure 5-15 Flow of fluids in the microchannel of configuration B with a flow rate of 0.01

WL/min: a) the nce microscopy: (b)

pseudocolour image of (a). The inset i the simulation results. The white dashed lines show the

edges of the microchannel

orescence image of the microchannel observed by fluores
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(@) the fluorescence image of the microchannel observed by fluorescen
of (a). The inset is the simulation resulis. The white dashed lines show the
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Figure 5-17 Flow of fluids in the microchannel of configuration C with a flow rate of | yL/mi

(@) the fluorescence image of the microchannel observed by fluorescence microscopy: (b)

pseudocolour image of (). The inset is the simulation results. The white dashed lines show the

edges of the microc
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Figure 5-18 Flow of fluids in the microchannel of config
(@) the fluorescence image of the microchannel observed by fluorese
pseudocolour image of (a). The inset is the simulation resuls. The white

shed lines show the
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Taum
Figure 520 Schematic illustrtion of fluid distributions at the elliptical entrance of the
microchannel with different colours representing different fluids,

These laminar flow experiments with opto-microfluidic. devices and. systems
demonstrate a technique to measure diffusion coeflicients of fluids as well as providing
information on syringe pump speed, solution and microchannel length. Together with
other optical monitoring techniques, the prototype opto-microfluidic devices and systems
developed here provide possibiliies to achieve real-time diagnostics of different
properties, which may find applications in biological and chemical experiments. One
example of particle counting will be investigated in the following chapter. In addition,
high-quality microscopic images also demonstrate that femtosecond laser fabrication

assisted by HF et

ing is an effective technique to fabricate practical opto-microfluidic

devices.



Chapter 6 Opto-microfluidic particle counting
6.1 Introduction

A cell counter or hemocytometer is a device designed for counting mammalian cells,
yeast and microscopic partiles. It s widely used in biomedical applications for medical
analysis and molecular synthesis. Conventional cell counters consist of a thick glass
‘microscope slide with a rectangular indentation that creates a chamber. The chamber i
marked with grids. The number of cells or particles is manually counted from grids with a
microscope (Fig. 6-1), and thereby the concentration of cells in the fluid is calculated.
Recently, image analysis software has been applied to the cell counter to produce
automated counting, recording and reporting. Another automated device for cell counting
is flow cytometry, in which excited fluorescence is detected and collected by multiple
sensors when the suspended labeled cells flow through the instrument. Figure 6-2 shows
the schemati illustration of a flow cytometry. The sample s injected into the center of a
sheath flow, and the combined flow forces the cels to pass through the detection region

one by one.

Flourishing cell-based life science is the essential motivation for opto-microfluidic

research. Cell manipulating, counting and sorting are the main challenges to various opto-

microfluidic devices. In Chapter 1, we have introduced some optofluidic flow cytometers
fabricated in polymer materials. In addition, Schafer ef al. reported a glass-based opto-
microfluidic flow cytometer, in which fiber grooves and microfluidic channels are ablated
on the surface of glass by femtosecond lasers and sealed to silicon by anodic bonding

after the fibers are embedded in the fiber grooves [243]. Another glass-based optofluidic

n1



flow cytometer was proposed by Kim ef al. Fi

t, microchannels were fabricated by
femtosecond laser irradiation assisted by HF etching in the bulk of fsed silica, and then
waveguides were directly written on the sample by femtosecond laser. Finally, a PDMS
cover was bonded 1o the glass by a corona bonding process as a mediur to connect the
microchannel and capillary tube [244].

In this section, we present an opto-microfluidic particle counter fabricated in fused
silica. Compared with the flow cytometry reported, the advantage of the particle counter
we discuss here is that no bonding steps are needed. The real 3-dimensional microchannel
with intake apertures is fabricated in the sample without an extra bonding process. In
addition, no extra liquid is needed to control the cell flow (see Fig. 6-2). With our image
counting program, the particle number is counted automatically at different flow rates.

The precision will also be discussed.

+— Sample

)

Figure 6-1 Cell counter under microscopy.  Figure 62 Schematic illustrtion of a flow
cytometry.



6.2 Experimental setup

The microchannel with a diameter of 10-15 um perfectly leads the cells o flow
through the microchannel one by one. However, this requires an accurate control of the
HE concentration and etching time. Figure 6-3 shows the microchannel used to assemble
a flow cytometer, in which a 3-mm-long cone-shaped microchannel with a neck diameter
of 16 jum is adopted. In this study, we use fluorescent particles (Thermo scientific G100,
10 um, 468/508 nm) which have a diameter close to blood cells (~6-8 um). The
experimental setup is shown in Fig. 64. White light emitted from a mercury lamp is
filtered by an excitation filter. The light with a special wavelength to excite fluorescence
is transmitted through the filter, whilst all remaining irradiation is suppressed. The
excitation light reflects from the beam spliting mirror and shines on the microchannel
using the objective lens. When fluorescent particles flow through the microchannel, the
excited fluorescence passes through the beam splitting mirror which is highly transparent

at the fluorescence wavelength. The fluorescence after the filer is recorded by a power

meter or CCD camera and counted automatically by a computer program. A CCD camera

(SONY, Power HAD, 33 FPS) is used in our experiments. A detection window is set on

the video images to detect the variation of the fluorescence intensity in the microchannel.
Because of the weak intensity of the fluorescence at the neck due to fast flow speed, we
choose a detection window with an area of 30x25 um’ near the neck of the microchannel

(Fig. 6-5), where most of the particles flow one by one. The dashed lines in the Fig. 6-5

show the edges of the microchannel.



Figure 6-3 Cone-shaped microchannel for particle counting.
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Figure 6-5 Single fluorescent partcle flows through the microchannel. The dashed lines show the

edges of the microchannel.

6.3 Opto-microfluidic particle counting
First, distilled water is pumped into the microchannel. A 10-second-video is recorded
by the CCD camera, and then all frames are extracted from the video. The intensity of

green light in the detection window is calculated frame by frame. The average intensity of

green light is the background intensity. Considering the fluctuation of background

intensity, an extra 5% is added to the average background intensity as the threshold.
Second, the fluorescent suspensions in distilled water with concentrations of ~ 1x10 and
The

2¢10° particles/mL are infused into the microchannel with different flow. rates.

intensity of green light in the detection window of each frame is integrated in the same

way as the first step. From Fig. 6-5, we know that the intensity of green light significantly

inereases when green fluorescent particles flow through the detection window. Finally,

the number of frames with the detection window’s intensity greater than the threshold is
counted. From frames extraction to particles counting, all these steps can be automatically

performed using a MATLAB program. The counting can be completed within 10 seconds



for a 10-second-video (327 frames with 480%640 pixels array per frame). In order to
evaluate the precision of this technique, the video is played in slow motion and the
partcles are counted manually. Ten sets of data on the variation of fluorescent light
intensity at the detection window (the result of the second step) are shown in Fig, 6-6 ~ 6-
15. Each dot represents the green light intensity of the detection window in each frame, so
327 dots exist in each graph. The dashed line shows the threshold. I the intensity of a dot

exceeds the threshold, it means that one particle is flowing through the detection window.

Some dots show extremely high intensity in some graphs, such as Fig. 6-8, 6-9 and 6-14,
“The reason s that the diameter of the detection window s 25 jum; however, the diameter
of a fluorescent particle is 10 ym. Occasionally, two particles flow through the detection
‘window simultancously which might result in a counting discrepancy. In addition, the
counting discrepancy is significant at the flow rate of 0.005 wL/min. This is due to the
fact that the fluorescent partile does not flow through the detective window (30 wm) in
one frame time (0.033 5) at the lower flow speed. Hence, the counter indicates two or
more particles flowing through instead of one (Fig. 6-10). Table 6-1 compares the
counted number obtained from the MATLAB program and that from slow motion
counting. Higher precision is obtained at flow rates of 0.01, 0.05 and 0.1 wL/min. From
‘Table 6-1., the average partcle intensity decreases with the increase of the flow rate. This
is because that higher flow rate causes less exposure time and then weaker intensity of
green light in the detection window. As the result, the intensity of green light s too weak
10 be separated from the background at the flow rate of 0.5 Lmin (Fig. 6-15).

It s evident that the proposed method succeeds in counting particle numbers,

especially for the cases with a flow rate in the range of 0.01 ~ 0.1 wL/min. Particle
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caunting with higher precision could be achieved if detection devices of higher resolution

are adopted.

0.01 pL/min
20000 o Experiment data

Time (s)

Figure 6-6 Fluorescent light intensity collected at the detection window in the flow rate of 0.01
WL/min
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Figure 6§ Fluorescent light intensity collected at the detection window in the flow rate of 0.01
WL/min.
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Figure 6:9 Fluorescent light intensity collected at the detection window in the flow rate of 0.01
uL/min
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Figure 6-10 Fluorescent light intensity collected at the detection window in the flow rate of 0.005
WL /min.
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Figure 6-11 Fluorescent light intensity collected at the detection window in the flow rate of 0.01
WL/min.
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Figure 6-13 Fluorescent light intensity collected at the detection window in the flow rate of 0.05
uL/min,
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Figure 6-15 Fluorescent light intensity collected at the detection window in the flow rate of 0.5
Limin.
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‘Table 6-1 Comparison between the counting number from the MATLAB program and the
accurate number read from slow motion counting.

e |G| e | Comie | e | gk | e | T
—(an)

67 10’ 001 19 18 18500 16700 17500

68 10° 001 38 40 18500 16700 17500

611 10’ 001 10 10 18500 16700 17500

612 2x10° 005 7 8 17000 15300 16000

615 2¢10° 05 - - 15750 15300 -




Chapter 7 Conclusions

‘The femtosecond laser is a powerful tool for three-dimensional micromachining and

microfabrication. Various features in fused silica fabricated by the femtosecond laser at

ifferent fabrication parameters have been achieved and analyzed, indicating that a
femtosecond laser is effective to fabricate microstructures with minimized heat-affected
zones. In addition to type II waveguides fabrication in the fused silica, we explored the
origins of type 11 waveguides by analyzing the Raman spectra near the irradiation region.
Near-field images also demonstrated the success of type Il waveguide fabrication. The
propagation loss has been found to be ~4 dB/cm after coupling with a laser at 1550 nm.
Microchannels in fused silica have been successfully fabricated by the femtosecond
laser microfabrication assisted by HF acid etching. The shapes, variable channel widths
and atiachment of intake apertures of the opto-microfluidic devices fabricated by the
femtosecond laser of different laser energy, polarization, writing speed, and etching time
have been investigated. Microchannels of complex configurations, such as T-shaped, Y-
shaped, three-intake and conical microchannels, have been fabricated by using optimized
parameters. Integrated with capillary tbes, syringe needles, syringes, and syringe pumps,

the prototypes of opto-microfluidic devices and systems have been assembled and used in

preliminary experiments.

Laminar flow experiments with opto-microfluidic devices and systems fabricated in

this study have revealed at the microscale, indicating

nor swirls exist in the microchannel. Diffusion is the major impetus for particle

P along the perp ar direction of Simulations performed

129



with the MATLAB program have also verified the experimental results. These results not
only provide us with a technique to measure diffusion coefficient, but also give us the
possibility of identifying the buffer solutions or diluents used in biological or chemical
opto-microfluidic experiments. For important ~biomedical applications of ~opto-
microfluidicdevices, the validity of the particle counter has been experimentally
demonstrated, in which the number of fluorescent particles has been automatically
counted with a CCD camera through @ MATLAB program when the particles flow
through the microchannel. Optimal results have been obtained with the particle
concentration of 10 particles/mL at a flow rate of 0.01 uL/min. The technique possesses
the possibility for further improvement in the performance of particle counting if
detection devices of high resolution are adopted.

More complex opto-microfluidic devices will be designed and fabricated in fused
silica by the femtosecond laser fabrication in the future work, such as integration of
microchannels and waveguides, microlens and gratings. Therefore, multiple functions
(such as measurement of reffactive index and temperature) could be achieved in these
devices. In addition, other materials, such as PDMS and SU-S, may be applied in the
fabrication of opto-microfluidic devices. Some opto-microfluidic sensors (MZI and SPR)

for optical and biological interesting topics for
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