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Abstract

Optical resonators are structures that allow light to circulate and store
energy for a duration of time. This work explores the fabrication, characterization,
and application of whispering gallery mode microresonators and the analysis of

organic photonic crystal-like structures and simulation of their resonant effects.

Whispering gallery mode (WGM) microresonators are a class of
cylindrically symmetric optical resonator which light circulates around the
equator of the structure. These resonators are named after acoustic whispering
galleries, where a whisper can be heard anywhere along the perimeter of a circular
room. These optical structures are known for their ultra high Q-factor and their
low mode volume. Q-factor describes the photon lifetime in the cavity and is
responsible for the energy buildup within the cavity and sharp spectral
characteristics of WGM resonators. The energy buildup is ideal for non-linear
optics and the sharp spectral features are beneficial for sensing applications.
Characterization of microbubble resonators is done by coupling light from a
tunable laser source via tapered optical fiber into the cavity. The fabrication of
quality tapered optical fiber on the order of 1-2 um is critical to working on WGM
resonators. The measurement of Q-factors up to 2x10® and mode spectra are

possible with these resonators and experimental techniques.

This work focuses on microdisk and microbubble WGM resonators. The
microdisk resonators are fabricated by femtosecond laser micromachining. The
micromachined resonators are fabricated by ablating rotating optical fiber to
generate the disk shape and then heated to reflow the surface to improve optical

quality. These resonators have a spares mode spectrum and display a Q factor as
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high a 2x10°. The microbubble resonators are hollow microresonators fabricated
by heating a pressurized capillary tube which forms a bubble in the area exposed
to heat. These have a wall thickness of 2-5 pm and a diameter of 200-400 pm.
Applications in pressure sensing and two-photon fluorescence of dye in

microbubble resonators is explored.

Photonic crystals can have engineered resonant properties by tuning
photonic band gaps and introducing defects to create cavities in the photonic
structure. In this work, a natural photonic crystal structure is analyzed in the form
of diatoms. Diatoms are a type of phytoplankton which are identified by unique
ornamentation of each species silica shell, called a frustule. The frustule is
composed of a quasi-periodic lattice of pores which closely resembles manmade
photonic crystals. The diatom frustules are analyzed using image processing
techniques to determine pore-to-pore spacing and identify defects in the quasi-
periodic structure which may contribute to optical filtering and photonic band gap
effects. The data gathered is used to simulate light propagation through the diatom
structure at different incident angles and with different material properties and to

verify data gathered experimentally
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Chapter 1: Introduction to resonant

structures

1.1 What are resonant structures

In recent years, resonant structures have become an important part of
research in photonics and the field of non-linear optics[1-5]. Resonant structures,
in an optical sense, are structures which can confine light and allow it to circulate
for an extended period of time. The condition for resonance in an optical resonator
is that the light field recreates itself in phase every round trip. This criteria allows
for constructive interference in the cavity which leads to a build up of circulating

light intensity[6].

Typically this is achieved by two parallel mirrors of a Fabry Perot cavity.
This is the standard configuration of a free space laser cavity. Other free space,
macroscale resonators, can be arranged in a bowtie, ring, or other complex
configurations. Resonant structures can also exist on the microscale. This is
achieved by patterning plasmonic materials or photonic crystal structures.
Resonators more analogous to an optical cavity can be fabricated on the microscale
in the shape of spheres, disks, bubbles, and toroids. This group of resonator

geometries constitutes a class called whispering gallery mode resonators.

A typical application of optical resonators is to provide field enhancement
to improve the efficiency of physical processes such as: fluorescence[7],
multiphoton excitation, and Raman scattering[3,8]. They can also be used as

optical sensors by measuring the microresonator’s optical response to external
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stimuli. These can be temperature, pressure, or biological[9-11]. Sensors made
using optical resonators can make use of simple methods such as tracking the
resonant frequency or analyzing Q-factor. For example, there are certain sensors
which measure the Brillouin scattering of material surrounding the resonator to
determine the properties and composition of the sample by measuring the speed

of the acoustic waves propagating in the material[12,13].

1.2 Whispering gallery mode resonators

This thesis primarily considers a class of microresonators called whispering
gallery microresonators. Whispering gallery microresonators are at minimum a
cylindrically symmetric class of resonator in which light circulates about the
equator of the resonator geometry. These geometries are typically: spheres, disks,
toroids, or bubbles[14-16]. Linear resonators consist of a collection of mirrors to
circulate the optical path; whispering gallery mode resonators, in a geometric
sense, operate on total internal reflection of light between the glass-air interface.
The confinement however is better described with a full treatment of Maxwell’s

Equations.

Whispering gallery mode resonators have been a current topic of research
since the first major experiments on microsphere resonators in 1989[17]. These
resonators were attractive due to their small size and extremely high Q-factor. This
brought on a plethora of research investigating these structures to better
understand the physics of whispering gallery mode resonators: coupling of light
in and out of the resonators[18,19], what contributes to the Q-factor[20], and
applications of the microsphere in non-linear optics and sensing[1,3,4,9].
Subsequent research began investigating other fabrication methods and resonator

geometries. The most notable of these was the microtoroid resonator developed at
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Caltech by K. Valhalla[21]. The microtoroid resonator is made lithographically and
has a remarkably high Q-factor, small footprint, and is made on chip, which was

further encouraged by lab-on-a-chip efforts.

1.3 What is the Q-factor

The Q-factor is a parameter that defines the damping of a resonant system.
The Q-factor is a characteristic of any resonant system: a simple mass spring
system, an RLC circuit, an optical microresonator, or even a bell. The concept of
Q-factor can be viewed through two domains: time and frequency. In the time
domain the Q-factor describes the response to an impulse. For example, striking a
bell with a hammer transfers mechanical energy to the bell and it rings for some
time as the energy is dissipated by the bell. The duration of the ringing is related
to the Q-factor. In the frequency domain the Q-factor describes the bandwidth of

an oscillator or a filter. In the optical domain this is the linewidth of the resonance

and is defined as Q = é.[lél]

There are a few parameters which contribute to the Q-factor in a whispering
gallery mode resonator. TIR at a flat interface is lossless; in a whispering gallery
mode resonator things are slightly complicated as solving Maxwell’s equations is
necessary. When solving Maxwell’s equations it is found that some of the energy
is radiated. This is related to the intrinsic or geometric Q-factor of the

resonator[14,15,20].

The other contributions are more straightforward. Surface scattering is a
major contribution and is not included in the geometric Q-factor as it is typically
not built in to the wave equation model. This typically comes from defects in

manufacturing like scratches or debris deposited on the surface which is common
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in micromachining fabrication in resonators. Surface scattering can also be

engineered to reduce Q-factor by adding porous coatings to the surface.

The last notable contribution is material absorption. In order to have a high-
Q whispering gallery mode cavity it is important to use low-loss materials. Glasses
like fused silica (S5iO2) are typically used in microsphere resonators as the glass is
easily available with ultra low loss the form of optical fiber. SiO: can also be readily
deposited on surfaces and substrates for fabricating on chip resonators, such as
microtoroid resonators[21]. Other materials often used are crystalline CaF2, Mgk,
and LiNbQO:s in diamond turned microdisk resonators[4,22-24]. These resonators
have extremely high Q-factors on the order of 10 due to the remarkably low loss
of the material[4,24]. They are also generally fabricated on the millimeter scale and
as such have far less radiation loss since the bend radius is much larger than that
of a micrometer scale microsphere[4,24]. Droplets of liquid can also be used as
microresonators; some materials, such as ethanol, can provide remarkably high Q-
factors, but a free space droplet resonator is not a robust platform for most

experiments[25,26].

1.4 Biological photonic crystals

Photonic crystals are periodically patterned structures which allow the
dispersion of light propagating through the photonic crystal structure to be
tailored by manipulation of physical spacing and arrangement. The patterns can
be altered by adding defects to confine light and create waveguides and resonant

structures which exhibit significant enhancement in the defect area.
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1.5 Outline of resonators discussed and applications

Microdisk resonators fabricated using femtosecond lasers are first looked
at. This process is similar to that of a traditional mechanical lathe where a glass
fiber is rotated about its symmetric axis and ablated to form a disk structure. The
disk structure is then treated with a reflow process to smooth the surface and
enhance the optical quality. Here we discuss the fabrication process and analysis

of mode structure and improvement of the Q-factor of the resonator.

Second, microbubble resonators are examined. Microbubble resonators are
a class of opto-fluidic resonators made from a thin walled fused silica capillary
tube. The tube is pressurized and heated. The heat causes the walls to become
molten and expand forming a bubble shape which is the basis for the resonator
geometry. The resonator is demonstrated as a sensitive aerostatic pressure sensor

and as a platform for non-linear optics in liquids.

Lastly, the concept of biological photonic crystals is explored. Diatoms are
examined due to their shell which has a unique ornamentation of pores which
resemble manmade photonic crystals. Our group has looked at the propagation of
light experimentally. In this work digital image analysis of the diatom structure is
performed to develop a better understanding of the potential photonic properties
as well as biological properties of that derive from the shape of the diatom shells.
These simulations are used to support experimental data. The structural data is
also used to develop models of the diatom frustule which are suitable for
simulation of light propagation using FDTD software. These FDTD simulations,
performed with Lumerical FDTD software, closely match the experiments

performed on diatom shells.
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Digitally analyzing the images of diatom frustules also may allow us to
pursue future work in understanding the biology of diatoms. Using this method,
the morphology of the pore network of the diatom frustule can be quantitatively
analyzed. This can potentially lead to better identification of diatom species and
quantitatively describing the effects of environmental growth conditions which
may cause deformities in a population of diatoms. These methods can be coupled
with other imaging methods, such as multiphoton microscopy and fluorescence
imaging, to extract further information about how the diatom’s morphological

structure may dictate its biology.
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Chapter 2: Tapered optical fiber

2.1 Coupling into microresonators

To most effectively use a whispering gallery mode microresonator it is
important to efficiently couple light into the microresonator by some means. There
are a variety of methods for coupling light into a WGM resonator with the most
common being prism coupling[17] and taper coupling[18,19,27]. Both methods
involve generating an evanescent field whose propagation constant matches that
of the whispering gallery mode supported by the resonator. In the prism coupling
case, this is optimized by the angle of the incident laser light and its wavelength.
Prism coupling is typically used for larger scale resonators and requires a complex

alignment strategy as well as collection optics[23].

Taper coupling is performed by using an adiabatically tapered optical fiber.
A tapered fiber is a fiber that has been pulled down to a thin radius on the order
of a few micrometers. In standard optical fiber, light is guided by the index
difference between the core and cladding. When the fiber is pulled down to the
scale of a tapered fiber the light is now guided by the interface between the tapered
waist (fused silica, index of 1.45) and the air. This causes the numerical aperture

(NA) of the fiber to increase. The NA of optical fiber is defined as:

NA = \/ngore - ngladding 2.1)

Typical communications fiber has an NA between .1 and .14, where for the

tapered fiber case the NA can be as high as 1. This huge increase in NA can change
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the number of modes supported by the optical fiber. The generalized frequency,

or V-parameter, of the optical fiber is given by

V==aNA (2.2)

In this equation g, is the radius of the core of the optical fiber. By examining
this equation for high NA, we see that in order for the tapered optical fiber to
support a single waveguide mode it is necessary for it to have a very small
diameter taper. This can be unrealistic due to the fabrication limits of sub-micron
tapers and by the necessity for suitable propagation constant matching of the

tapered optical fiber and the WGM resonator.

To get around this limitation the solution is to fabricate adiabatic tapered
optical fibers. Adiabatic fiber tapers are tapered fibers with a shallow transition
angle. This shallow transition angle prevents coupling into higher order modes by
insuring that the overlap between higher order modes is minimal and on the order
of an optical cycle. In this sense, the tapered region is adiabatically converting the
optical fiber mode to the tapered fiber mode without coupling light into the higher
order modes[28]. When light is coupled into a higher order mode, it follows a
different effective path through the tapered fiber. When the light returns to the
standard dimension optical fiber the two modes interfere. This structure is similar
to a Mach Zehnder interferometer, thereby making the detected signal dependent
on stress and temperature[29,30]. While this is useful for sensor applications, it is
not ideal for coupling light into to WGM resonators. Light coupled into higher
order modes can prevent efficient coupling into the WGM resonator, increase the
noise and difficulty of the measurement of resonator parameters, and may also

excite unintended modes.
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Figure 2.1: Propagation constants for microresonators and fiber tapers of a given radius at
980nm (top) and 1550nm (bottom). The fundamental mode of the fiber taper and the first four
radial modes of the microresonator are plotted.

To match the propagation constants of the whispering gallery mode and

the tapered optical fiber mode it is important to take into consideration the
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parameters of the materials used, the dimensions of the two waveguide structures,
and the wavelength of light used to excite the microresonator. This is detailed by

Knight et. al. in Reference [19].

The taper diameter is chosen based on the results of this analysis. In Figure
2.1 we can see the propagation constant of taper radii and resonator radii for the
two main wavelengths used for experiments: 1550nm and 980nm. This plot can be
read by identifying the radius of the microresonator diameter and mode under test
and matching the propagation constant to the corresponding taper diameter. For
example, at 980 nm the ideal fiber diameter for coupling to the n=1 mode of a 125
um radius microresonator is about 1.8 um. At a longer operating wavelength, the
radius of the tapered fiber can be substantially larger; at 1550 nm the fiber taper

should have a radius of 2.4 pm.

2.2 Fabrication of tapered optical fiber

The fabrication of tapered optical fiber is a simple procedure, but requires
fine process control to produce high quality tapered fibers suitable for coupling
light into microresonators. Tapered fibers are fabricated by stretching optical fiber
while heating it with a butane or hydrogen torch. The flame is moved across the
tiber in a brushing motion to create an extended waist. This technique is known as

flame brushing[28,31-34].

The shape of tapered optical fibers depends on the extent of the flame
brushing region during the fiber tapering process. In general, the flame brushing
region can stay constant or change. If the flame brushing region, L, is constant the
taper transition profile will be exponential decreasing from the initial fiber radius,

ro, and follow the equation[31]:
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r(z) = roe_% (2.3)

With a non-stationary hot zone customized profiles can be fabricated. By
decreasing the size of the hot zone as the taper is elongated a linear taper transition
can be generated. This is ideal for adiabatic tapers as the angle of the transition
region can be controlled to be less than that required by the adiabatic criteria[28].
It is a complex process that requires very high precision stages and motion
algorithms to work properly. Tapers fabricated in this fashion can be on the
nanometer scale; the technique is outlined in detail by Lutzler[32]. Note that this
type of control is not necessary for tapers used for microresonator coupling. Tapers

fabricated in this fashion have been used for quantum optics experiments[35-37].

There are two configurations suitable for fabrication with each
configuration composed of primary and secondary stages[32,38]. Primary stages
are responsible for the tapering process itself, and the secondary stage is
responsible for presenting the flame to the optical fiber and removing it when
tapering is complete. The first configuration requires three primary stages and one
secondary stage. Two of the primary stages slowly elongate the fiber while the
third stage brushes the flame across the length of the fiber. The second
configuration requires only two primary stages and one secondary stage. In this
configuration, the flame is stationary and the brushing and elongation both
happen due to the motion of the two primary stages. The stages are synchronized
to move back and forth, which takes care of the flame brushing. The two stages are
also set in motion away from each other, which takes care of the elongation. The

equations of motion for this configuration are:

x1(8) = Zsin (T 1) 4 vyt (2.4)

L . 2
x,(t) = 3sin (% t) — Vpunt (2.5)
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Parameters for describing exponential tapers are: waist length (mm),
overall length (mm), waist diameter (um), and fiber diameter (um). For fabrication
these are distilled to the hot zone length and pull length. Flame and pulling
velocity are independent of the shape, but choosing appropriate values is
important for maintaining a high quality taper. The pulling velocity should be
very slow and is typically chosen to be between 100 to 250 um/s, while the flame

velocity should typically chosen to be around 2 mm/s.

Tapers with exponential profiles are fabricated by pulling with a constant
hot zone. The equation which describes the taper profile parameters is nominally

described by:
5
Lpun = 2LoIn () (2.6)

In this equation Lo is the hot zone length, du, is the waist diameter, and Lyun
is the total fiber pull length. To make a fiber taper with a waist diameter of 2um
with a 5mm hot zone, the fiber must be stretched 41.35 mm. This takes 207 seconds

when pulling at a rate of 200 um/s.

The slow pulling rate is to insure that the fiber is not elongated too much
during a roundtrip of the flame so that the brushed flame looks like a continuous
hot zone. This is limited by the speed of the flame brushing, which as before, is
typically chosen to be around 2 mm/s. The absolute value is not important, but it
is limited on the upper end by the ability for heat to be transferred to the optical
tiber. If the pulling rate is too fast the taper will have unwanted steps in the profile

and deviate from the expected exponential curve.
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2.3 Temperature considerations

There are a few considerations for temperature of the fused silica during
tapering. Fused silica is the amorphous state of quartz. At room temperature there
are crystalline states that may be favored after heating and cooling the fused silica
to a certain temperature. This can occur when heating above 1550°C in which case
crystalline f-quartz is formed which causes a loss in transmission. In order for
tapering to occur the fiber must be deformable but not sag under its own weight.
This discussion calls for the introduction of two concepts: the annealing and
softening point. The softening point is the temperature at which the viscosity of
the fiber is lowered to the point where it can deform under its own weight and the
annealing point is the temperature at which the internal stresses of the glass are
relieved. For fused silica the annealing point is 1140°C and the softening point is
1665°C. So fabrication at temperatures above the annealing point, but below the
temperature at which the fused silica may crystallize into quartz are important for
fabricating robust tapers with accurate shape profiles and low loss. This is not

necessarily a straight forward metric to achieve.

A butane flame burns in air at 1970°C which is far above the softening point
of fused silica. To control the temperature at the fiber the distance from the flame
to the fiber must be controlled. This can either be done with a thermocouple to
measure the absolute temperature, or simply through trial and error as the

window for tapering is rather generous.

Another consideration when using a butane flame is the type of flame that
is produced. Typically when using a standard butane torch the torch will produce
a jetting flame. This type of flame is not ideal for fabricating tapered fibers. Not

only is this much hotter than required, but it also causes significant turbulent
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airflow around the taper. When the taper is brought down to dimensions below
20 pm these currents will cause the taper to deform ruining the profile and
transmission of the fiber. It is ideal to use a flame which is air starved, generating
a small candle like flame which does not cause any turbulence. A suitable flame is

shown in Figure 2.2.

Figure 2.2: Oxygen limited butane flame suitable for tapering optical fiber. The flame is generated
with a Microflam brand torch which has adjustable air and gas levels. The flame is approximately
4mm tall.
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When working with a flame this low it is important to also control the air
currents in the room. Any minor air current in the room can alter or extinguish the
flame so protecting it is important. Air currents in the room can also move the
tapered fiber during the tapering process causing a poor taper profile. The
tapering system should be enclosed in a box to reduce air turbulence and also

protect the system from dust.

2.4 Fiber preparation

Preparing the optical fiber is an important step in tapering optical fiber. In
order to fabricate a good taper the fiber surface must be free of debris and damage.
If there is debris on the fiber while it is being stretched the debris will disjoint the
taper profile and ruin the transmission of the tapered fiber. The fiber is prepared
by mechanically stripping 35mm from some portion of the fiber. Using a high
quality fiber stripper is important. Mechanical fiber stripping can cause
microfractures in the fiber which can lead to a poor final taper result. The stripped
region is wiped clean with ethanol to remove most of the debris, then it is carefully
wiped with acetone such that the polymer coating is not in contact with the
solvent. Finally the region is gently wiped again with ethanol and loaded into the
fiber chucks of the tapering apparatus. This three step cleaning process ensures
that the fiber is free of debris. The initial ethanol wipe removes most bulk debris.
The acetone wipe further removes polymer from the surface by slightly dissolving
the polymer and lifting it from the fiber surface. Avoiding touching the bulk
polymer coating prevents transferring some of that polymer onto the surface of

the fiber. The final ethanol wipe removes any final debris and polymer.
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2.5 3D Printed linear stages

Commercial motorized stages and motion controllers can cost multiple
thousands of dollars. In order to make this apparatus affordable, the motorized
stages were designed and fabricated using 3D printed parts. The motion control
electronics were built using an Arduino microcontroller. The principle of
operation of linear motion is relatively simple. A lead screw is rotated by a motor.
The lead nut is constrained from rotation by a bearing rail. This defines the
direction of motion. As the lead screw is rotated the lead nut travels across the
screw. The lead screw is rotated by use of a stepper motor. Using a stepper motor
is ideal in this type of system as each step rotates the motor a certain amount. In
the case of the stepper motors used this was 1.8° per step. This can further be
improved by wusing stepper motor driver electronics which allow for
microstepping. These electronics can provide 32X microstepping which will brings
this figure down to .05625° per step allowing for very accurate positioning. The
benefit of stepper motors is that positioning can be determined by counting the
number of steps given to the motor since each step moves a specified amount. This
gives precise relative positioning without the need of expensive and complicated
encoders used in servo or other DC motors. Furthermore, error in the stepping of

a stepper motor does not accumulate allowing for high accuracy positioning.

The stages were designed using parametric open source CAD software
called OpenSCAD[39] and printed on a Reprap style 3D printer[40]. Reprap is an
open source lineage of 3D printer designs. The idea behind Reprap is to make self-
replicating machines—a 3D printer that prints 3D printers. In reality this manifests
itself as designs that rely heavily on 3D printed components as well as mass

produced hardware and electronics to build the next design. As such, each Reprap
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3D printer has been built using components from a previous generation or sister

3D printer.

The 3D printer design used is called the Mendel90 and was built by a kit
including hardware and 3D printed parts. The stages were designed for printing
on a 3D printer and take the limitations and capabilities of fused deposition
modeling (FDM) into consideration. FDM is a 3D printing method in which a
thermoplastic polymer filament is extruded layer by layer. The 3d printer extrudes
layers .3mm thick at a time, which limits the resolution along the z-axis. The
resolution in the xy-plane is much better and as such features that require higher
resolution should be printed in this direction. A second consideration is to design
in such a way that limits overhangs. Since the printer prints layer by layer in the
z-axis it is important to make sure that there is some material supporting the next
layer as the model is built. This can either be by design or by generating support
material for overhangs which exceed a certain angle. The typical point to consider

using support material is when overhangs deviate greater than 45° from the z-axis.

The toolchain for the process has a few steps. First a 3D model must be
generated using CAD software such as Solidworks or OpenSCAD. This model is
then exported as an STL file. STL files break the model up into many triangles
which describe the 3D structure of the model. The STL file is imported into
software called a slicer. There are a handful of different slicer software options
available with different feature set; the software we used is called Slic3r[41]. This
software chops the STL file up into layers and generates a file which describes the
movement of the 3D printer nozzle, extrusion, and temperatures using G code. G
code is the standard code to describe motion for CNC manufacturing

machines[42]. Once the G code is generated it can then be uploaded to the 3D
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printer using some type of interface software. The firmware on the 3D printer

interprets the G code and prints the object.

The material used for 3D printing the linear stages is polylactic acid or PLA.
This is one of the two standard 3D printing materials, the other being acrylonitrile
butadiene styrene or ABS. PLA was chosen over ABS since it is more rigid than
ABS and is less prone to warping during the printing process. Both of these
properties are crucial to producing a high quality linear stage. ABS however does
have the advantage of having a higher glass transition temperature and is suitable
for making components that may have to withstand heat such as parts which

house the hot extruder in 3D printers[43].

PLA is extruded at a temperature of 180°C and the glass build plate of the
3d printer is kept at 60°C which is around the Tguss for PLA. This promotes
adhesion of the first layer to the print surface to ensure a successful print. First
layer adhesion is critical to successful 3D printing. If the part delaminates during
the printing process the print will completely fail. In order to combat this not only
is a heated build plate used, but also a thin layer of PVA is spread on the glass
prior to printing. This solution is made by diluted standard PVA glue (Elmer’s
brand, etc) at a ratio of 1 part glue to 10 parts water and spreading it on the build
plate with a wipe. The PVA greatly improves adhesion of PLA on glass allowing
for a high yield.

The stages are designed using five 3D printed pieces. These pieces define
the axis of linear motion and provide mounting of the motor, taper mounts, and
the stage itself to the table. The stage consists of a: motor mount, front lead screw
plate, end plate, carriage, and mounting plate. Each 3D printed component can be
seen rendered in its approximate position in Figure 2.4. The different segments are

connected by 8mm hardened steel rails which give the stage its structure and
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provide constraints for the bearings and carriage to ride on. The plates are
designed to work with the 3D printer by avoiding over hangs and having high
precision features in the xy plane of the print bed. There were two major design
iterations used and built for fabricated tapered optical fibers. The major features
of the first design are a square and centered profile and side slit tightening friction
supports to mount the steel rails. The carriage which holds the linear bearing, lead
nut, and mounting holes for optics is a monolithic unit. This design was used for
a majority of the tapering work, but after some time the design was upgraded to
the current design. The side slit tightening causes some warping since a screw
causes the tabs to bend in to increase the friction force on the rods. The bending is

undesirable for squaring the stages with themselves.

The lead screw attaches to the motor by means of a spiral flex coupling. This
type of coupling is desirable over a rigid coupling as it allows for small angular
misalignments between the motor shaft and the lead screw. The lead screw is
supported by a bearing which is embedded in the so-called lead screw mount. The
lead screw has thread diameter of 3/16” and 1/4” input shaft; between these two
diameters is a 5/16” shoulder. This shoulder fits in the bearing and supports the
lead screw. The lead screw is allowed be free on the opposite end. If the far end of
the lead screw is supported it can lead to over constraint in the system since the
linear motion is being defined by three points rather than two. Supporting the far
end increases the rigidity of the system and allows for higher speeds of travel at
the cost of higher precision in alignment of the linear rails and lead screw. For fiber
tapering a slow steady speed is necessary. Since we are lower costs by not using
high precision machining freeing the system is the easiest option. The stage design
allows for support on the far ends of the lead screw if wanted. This simply requires

amore tedious alignment of the linear shafts and lead screw, driving a lighter load,
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Figure 2.3: 3D renderings of components of the version 1 design showing off the square design
and side fastening in the a) carriage and b) main lead screw and end plates.

and using motors with higher torque or a smaller microstepping amount to
increase the torque provided to the lead screw to avoid binding due to over
constraint. Examples of the tightening method, bearing plate, and the monolithic
carriage can be seen in Figure 2.3. An image of the final fabricated stage design can

be seen in Figure 2.5.

The second version was designed to have a lower rectangular profile and a
carriage which had attachable mounting plates. The carriage has a set of four holes
arranged in an 11mm square pattern for use of these different platforms. This was
done to be compatible with Thorlabs’ line of flexure stage accessories as well as
easily attaching unique optics hardware to the stages such as manual micrometers
with non-standard mounting holes. The low profile was used to keep the taper
fabrication lower to the optical table and keep the final system design more
compact. The side slit friction tightening method for clamping the rods to the 3D
printed parts was replaced with set screws. This provides an easier adjustment
and does not warp the plastic pieces. It also provides a cleaner overall look as the
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Figure 2.4: OpenSCAD rendering of 3d printed pieces of linear stage. Hardware such as motors,
screws, rails, and bearings are not included.

mounting hardware is slightly recessed into the 3D printed pieces. This not only
makes the stages more aesthetically pleasing, but also allows for flat surfaces for
alignment and squaring of the stages during mounting. The CAD design of the 3D
printed parts can be seen in Figure 2.4 and an image of the fabricated stage is in
Figure 2.6. A bill of materials for the hardware components used in making the

version 2 design is listed in Table 2.1.
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Table 2.1: Bill of Materials for Linear Stage Design v2

Part

Quantity

Nema 17 motor

Endstop microswitch

5mm to 6.35mm flexible coupling

608 bearing 8x22x7mm

Lead screw 3/8”x12

Lead nut 3/8”x12

8mm x 200mm hardened steel rail

LMB8UU style linear bearing

M3x6mm set screw

M4x25x screw

M4 Nylon locking nut

3d printed parts and plates

AN NN R R, R
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Figure 2.5: First design of stages used for tapering optical fiber

Figure 2.6: Second design of stages for tapering optical fiber. This stage features mounting holes
for a custom stage plate for mounting various optics and fiber mounts. It also has an inset for
endstops for precise positioning.
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Figure 2.7: Prototype electronics board for motion control.

The motion control electronics are based around an Arduino
microcontroller development board. There have been multiple iterations of the
firmware used to drive the linear stages with various levels of complexity in
timing and functionality for generating the motion needed to adequately taper
optical fibers. The stepper motor drivers used are based on the DRV8825 chip by
Texas Instruments. A breakout board which includes current setting controls was
used for interfacing with the motors. This breakout board is available from Pololu
Robotics & Electronics. The stepper motor driver module can provide 1.5 A of
current per motor coil and drive motors up to 45 V. It can also provide
microstepping resolution down to 1/32-step. Using the 12 thread per inch lead
screw this can provide a theoretical step resolution of 330.7 nm/step. However this
is completely overshadowed by backlash in the lead screw and nut, but still
provides a good metric for having good stepping accuracy over 10 to 20um of
linear movement. The Arduino is programmed to control 3 stepper motors drivers

simultaneously driving four stages. Two stages stretch the optical fiber, one stage
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performs the flame brushing, and a final stage is used to present and remove the
flame to the optical fiber at the beginning and end of the tapering process as
described above. The stages used for pulling the optical fiber are wired to the same
stepper motor driver to insure that they move together at the same rate. The
stepper motors phases are wired in series to insure the same current through each
motor. A simple serial protocol was developed to communicate commands
between the Arduino and a PC computer running a specialized LabVIEW

program. The prototype electronics board layout is seen in Figure 2.7.

2.6 Experimental tapering results and discussion

Testing the tapering system is a time consuming process that requires a
good deal of trial and error to optimize the parameters discussed earlier in this
chapter. In this section, different taper profiles are shown that have been fabricated

with the 3D printed tapering system.

The taper profiles shown below are measured with a digital video
measurement microscope which can provide accurate and semi-automated
measurements of edge profiles of objects. The primary goal in this exercise is to
find tapers with a good exponential profile without any bumps or discontinuities
that might affect the optical transmission and mode distribution of the tapered

fiber.

A few taper profiles are shown in Figure 2.8. These tapers are designed to
be 5um at the waist region. The profiles are shown alongside a corresponding
logarithmic scale to show the exponential profile of the tapered fiber’s transition
region. In a logarithmic scale the transmission region should be a straight line. By

viewing this region in this fashion non-exponential profiles can be identified and
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errors in the fabrication process can be identified. In Figure 2.8.c there are major
discontinuities between the two halves as well as a non-linear profile in the second
half of the taper. This is due to the hot zone being too large and the flame speed
and pull rate product too high causing regions to be pulled asymmetrically as

described in Section 2.2

These methods have been used to fabricate tapered optical fibers for
coupling light into microresonators discuss throughout this thesis. The standard
parameters used for tapering are outlined in Section 2.2 To fabricate a 2 um taper
with a 5mm hot zone the fiber is stretched 41.35mm. These typically produce fibers
suitable for use at 980nm. A smaller hot zone may be used and the fiber stretch

time will be accordingly reduced.
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Chapter 3: Characterizing whispering

gallery mode resonators

3.1 Optical whispering gallery mode resonators and
microspheres

WGM resonators share many qualities with conventional standing wave
optical resonators. The most well-known resonator of this class is the Fabry-Perot
cavity. A Fabry-Perot cavity(FP) is composed of two highly reflective mirrors
separated by a distance, L. Light launched into a FP cavity is said to be resonating
when an integer number of half-wavelengths fit in the cavity. Satisfying this
resonance condition allows the electromagnetic field to constructively interfere
leading to field enhancement within the cavity. The analogous condition for
resonance in a WGM resonator is fitting an integer number of half-wavelengths

inside the circumference of the sphere or ring.

Resonators are often characterized by two characteristics: free spectral
range(FSR) and quality factor(Q-factor). The Q-factor quantifies how well the
cavity stores energy; the higher the Q-factor the more energy is stored in the cavity
and therefore the field enhancement is greater. In the case of optical resonators Q-
factor can be calculated by: Q = f/Af where fis the resonant frequency and Afis
the full-width at half maximum of the resonance. Q-factor is determined by the
material and fabrication of the resonator. In a FP cavity made out of two high-
reflecting mirrors, the Q-factor is often not much above 10°[6]. On the other hand,

silica microspheres have extremely high-Q due to the fabrication process creating
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such a perfectly spherical surface and silica having very low loss. Experimentally,
Q-factors of 107-10® are easily obtainable[17]; the theoretical limit for silica
microspheres is greater than 10'[20]. In a high-Q WGM resonator it is quite
possible to have a resonant field enhancement of many watts from an input field

of one hundred microwatts.

Free spectral range is the spectral spacing between resonant modes; this is
. . S c A?
determined by the length of the cavity and is given by: frsgr = 5 o7 Apsg = YR
These parameters are also used in WGM resonators. The FSR can be estimated
coarsely by assuming the effective cavity length is approximately equal to the

optical path length around the circumference of the resonator: frsp = #. This

deviates slightly from the exact value due to mode propagation occurring inside

the circumference of the resonator[1,6,15].

In a perfect FP cavity the only modes that exist are due to the single
dimension of freedom. Microspheres are three dimensional and thus have at the
very least three variables that define the actual mode structure. The modes that
exist are from the length of the resonator (dependence on polar angle) and the
spatial profile of the mode (dependence on radial position and azimuthal angle).
These mode combinations exist for both TE and TM light propagating in the

microresonator[6,15,44].

The basic FSR described above in this case is determined by the
fundamental mode spacing (wavelengths around the equator) and seen by the
repetition of the spectral pattern of the modes. For small diameter and highly
spherical microspheres the FSR is very large, and with careful control of
polarization and coupling the spectral density of modes is very sparse due to a

large amount of degeneracy in higher order modes. The higher order modes
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become non-degenerate due to eccentricity in the microsphere and surface defects.
Microrings, disks, and toroids are beneficial due to the reduced dimensionality of
the resonator supporting very few modes when compared to a microsphere. This
is especially useful when looking at wavelength tracking and Q-factor

measurements for sensing experiments.

WGM resonators are also praised for their very low mode volume. Mode
volume is a measure of how much physical space a mode occupies by looking at
how much of the mode’s intensity is concentrated around the intensity maxima. A
low mode volume corresponds to a very tightly confined mode; in microspheres
the modes are confined around the equator of the sphere. The mode volume of a

microsphere is approximated as [17]:

11

Vepy ~ 3 () (22 © (3.1)

3.2 Fabrication of microsphere resonators

Microsphere resonators are ideal for test experiments due to their ease of
tabrication, ease of use and handling, and superb quality as optical resonators.
This makes silica microspheres a perfect platform for testing different techniques
for coating, depositing materials, and interrogating nonlinear properties of other
materials. The high Q-factor lets us access phenomena usually limited to high
powers such as multi-photon absorption, Raman scattering[3], and other
nonlinear effects[17]. The low spectral density of modes allows us to interrogate
single modes of a microsphere and determine how coating and deposition alter

the Q-factor of the microsphere.

Microspheres are fabricated using fused silica optical fiber (Corning SMF-

28). The fiber is pulled to a thin taper by heating with a butane torch. The taper
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is cleaved in half and then heated with the electric arc from a fusion splicer
(Ericsson FSU995) to form the sphere. Microsphere diameter ranges from 30pum to
150pum and is controlled by taper width, arc position on the fiber, and arc intensity
and duration. Microspheres formed on the end of an optical fiber are much easier
to handle; the stem adds a very small perturbation to the mode structure of the
sphere. Since the mode volume of whispering gallery modes is very low the

response of the microsphere is almost unaltered from a perfect sphere.

3.3 Experimental characterization of WGM resonators

The simplest method for coupling light into a microsphere, or any silica
whispering gallery mode resonator, is by use of tapered optical fiber. An optical
fiber taper is a thin segment of optical fiber on the order of one to ten microns.
Light in a tapered region of fiber is guided by a fiber-air interface. This large
difference in index allows for an evanescent wave to exist multiple microns from
the surface of the taper. This evanescent wave can be coupled into the microsphere

by bringing the sphere close to the taper by use of a piezo-actuated stage. The

Transmission

0.0 Decreasing taper-sphere gap

' I T I T I T |
1555.220 1555.230 1555.240 1555.250
Wavelength, nm

Figure 3.1: Zoom in on single resonance transmission showing increased light coupling into the
sphere as a result of decreasing the taper-sphere gap.
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Figure 3.2: Fundamental resonance with higher order resonances. Q-factor of fundamental
2x107.

taper-microsphere gap determines the coupling efficiency of light into the

microsphere.

Coupling can be optimized by positioning the microsphere so that
transmission through the taper-microsphere system on resonance is minimized —
most of the light is coupled into the mode on resonance. The test bed consists of a
microsphere on a piezo positioning stage with 20nm resolution and a section of
tapered optical fiber. We couple the light from a tunable laser at 1550nm (Agilent
8164b/81600b) or 980nm (New Focus 6328) and optimize the light coupling into
the microsphere by moving it with the piezo stage. Polarization can also be

controlled to increase coupling efficiency.

The transmission is recorded; resonant frequencies can be found and Q-
factors measured by looking at dips in the transmission and calculating the FWHM
of the dip. The system also has two microscopes which provide a top and side view
to aid in alignment of the fiber taper to the equator of the microsphere or other

whispering gallery mode resonator such as microbubbles or microdisk resonators.
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Figure 3.3: Microsphere modes and inset linewidth measurement shows Q-factor of 1.2x108

All of the components are mounted on rails and can easily be switched out to
accommodate necessary functionality to include other measurement devices, such

as photodetectors, or spectrometers.

The fundamental attribute to measure when working with WGM
resonators, as heavily stressed throughout this text, is the Q-factor. This
measurement is done as calculated and described in Section 3.1 Light is coupled
into the microresonator by means of tapered optical fiber and the frequency is

tuned to view the resonance. The linewidth of the mode under question is

measured and the Q-factor is calculated byQ = ;—f. When interrogating

microresonators for Q-factor it is important to use very low input power; power

less than 100 uW is ideal to prevent loading of the cavity which will cause
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linewidth broadening from thermal heating of the cavity due to the high Q-factor

causing a high circulating power[17,45,46].

The Q-factor can also be used to calculate the photon lifetime as: Q = wt/2.
This can be broken up into two decay rates that describe loss mechanisms of the
resonant mode: intrinsic and extrinsic. Intrinsic lifetime, o, refers to the rate of
absorption and radiation processes in the microresonator which cause loss. The
extrinsic lifetime, 7., refers to the coupling rate between the resonator-taper and
the taper pathway. This rate is primarily defined by the tapered fiber parameters
and more directly by the separation of the tapered optical fiber from the
microresonator[27]. The overall Q-factor can be written as

1 1 1
E_Q_o-l_g (3.2)

when taking both lifetimes into account[14].
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Figure 3.4: Coupling at Q-factor of microresonators as a function of taper distance. Each
graphs shows the same microresonator clean and subsequently dip coated in a dye. Critical
coupling can be observed at 1.2um and 1.2um from the surface of the resoantor.
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There are three regimes of coupling: under coupled, critically coupled, and
over coupled. They are defined by the relationship of the intrinsic photon lifetime
to the extrinsic photon lifetime. The under coupled regime is when the intrinsic
lifetime is less than the extrinsic lifetime; light leaves the resonator faster than it
can be coupled into the resonator. This occurs when the tapered fiber is
significantly far away from the microresonator. Critical coupling occurs when the
extrinsic lifetime and the intrinsic lifetime are equal. Power transferred from the
taper is maximal at this point. Over coupling occurs when the intrinsic lifetime is
greater than the extrinsic lifetime. In this regime light is coupled out into the
tapered fiber at a faster rate than it is lost via radiation or absorption. Critical
coupling locations can be seen in Figure 3.4. This is measured by identifying a
mode and moving the microresonator closer to the taper with a piezo translation
stage. The measured Q-factor is slightly higher in the under-coupled regime, but
in this regime very little light is actually coupled into the microresonator. At
critical coupling the microresonators have the maximal amount of light circulating

due to the balance of coupling losses.

3.4 Using microresonators to calibrate laser dithering

Calibration of the dithering range of the laser is important to accurately
measure Q-factor of WGM microresonators. When using a low input optical
power the absolute frequency of the resonances will be stable. To calibrate the
system the laser is dithered by a function generator and a single resonance is
observed. The voltage corresponding to the resonance center is measured. The
laser center frequency is slightly changed and another data point is observed. This
results in a calibration curve relating the frequency of detuning to the voltage

applied to the input of the tunable laser. This calibration is shown in Figure 3.5.
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3.5 Conclusion

Measuring Q-factor and coupling light into WGM mciroresonators is
critical for studying these optical devices. These basic measurements and
techniques have been outlined and are important for future work which includes
analyzing novel geometries of microresonators and looking at the nonlinear

properties of some resonators and materials.
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Figure 3.5: Resonator mode identification and calibration curve of Agilent 1550nm tunable
laser.
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Whispering gallery mode microresonators are an attractive platform for
exploring nonlinear optics due to their intrinsic high-Q factor and low mode
volume. A low mode volume brings a higher localized field intensity (W/m?) per
Q-factor since the same amount of circulating power exists in a smaller spatial
region. This is especially important for nonlinear optics as many of the phenomena
rely on the localized field intensity. This is explored further when looking at

multiphoton fluorescence in microbubble resonators.
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Chapter 4: Fabrication and application

of microbubble resonators

4.1 Fabrication methods of microbubble resonators

Microresonator fabrication has been demonstrated using many different
methods including lithography [21], micromachining [54], diamond turning [4],
and thermo-mechanical [17,55,56] processes allowing for a wide range of

microresonator geometries which make them suitable for various applications.

The microsphere and microtoroid have been standards in the community
for some time, but recently novel geometries like the microbottle [57], liquid core
optical ring resonator [58], and microbubble resonator [34,56,59,60] have shown
interesting and novel properties. Liquid core optical ring resonators (LCORR) and
microbubble resonators have immediate applications to optofluidics due to being
formed with a hollow cavity suitable for the introduction of fluids. Microbubble
resonators are fabricated by pressurizing a thin walled capillary and exposing it
to heat by CO: laser illumination [13] or arc discharge [60]. Most demonstrations
of the microbubble resonator have focused on tuning resonant wavelengths by
pressure  [34], stress [56,61], and refractive index [60,62]. Recently dye
lasers [59,63], optomechanical oscillation [12] and various biosensing schemes [58]

have been demonstrated in these microfluidic resonators.

Microbubble resonators are a relatively new type of resonator. This
geometry is particularly interesting because it is fabricated in a capillary tube and

allows liquids and gasses to be filled into the core region of the resonator.
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Microbubble resonators are formed by heating a small section of capillary tubing
under pressure. As the capillary tube becomes molten it expands as it tries to reach
an equilibrium pressure. The microbubble resonator was originally demonstrated
by Sumetsky et. al. in [56]. Sumetsky et. al. fabricated their microbubble resonators
with absorptive heating via a CO:laser; this is an ideal method for fabricating
microbubble resonators. As the resonator expands the wall thickness in the bubble
region drops due to conservation of mass. As the wall thickness drops the light
from the CO: laser is not absorbed as much and does not create as much heat due

to Beer’s law|[6]:

I =1,e"* (4.1)

This makes the fabrication process highly reproducible and self-limiting.
Fabrication using a COz laser is not the only option for fabrication. Microbubble
resonators can also be fabricated using an electric arc. This has been demonstrated

[60] and is similar to the method used and outlined in this thesis.

4.2 Electric arc fabrication of microbubble resonators

Microbubble resonators fabricated for this dissertation work are fabricated
with the electric arc from a fusion splicer[60]. In order to reliably fabricate
microbubbles of adequate quality and size multiple parameters must be

optimized: arc power, arc duration, and pressure.

In our initial efforts, we attempted to fabricate microbubbles from
borosilicate glass capillary tubes. This material proved to be unsuitable for
microbubble resonators due to a low softening point (821°C) making it difficult to
shape the microbubble. The softening point of borosilicate is 821°C. The electric

arc generated by a standard optical fiber fusion splicer is typically used for fused
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silica fibers making it difficult to find parameters that are suitable for a material
with such a low softening point. This led us to use fused silica capillaries which
have a softening point of 1660°C[64]. The capillary tubes used were procured from
Produstrial, have a wall thickness of 15um and an outer diameter of 80 um. This
was the highest ratio of wall thickness to diameter that could be found on the
micrometer scale. This geometry allows for expansion which results in a small
bubble wall thickness. The goal wall thickness is between 1um and 5um and the
diameter should be around 200pum to 300um. The system for fabricating
microbubble resonators consists of a fusion splicer (Fitel 5147), a connection from
a compressed air supply, a low pressure regulator, pressure gauge, and valves.
Fabricating microbubble resonators can be thought of as microscale glass blowing.
The thin capillary is connected to the regulated compressed air supply that
provides pressures in the neighborhood of 40kPa, approximately 5.8 psi. The
pressure can be controlled down to 1kPa with a regulator. The supply outputs to
a ¥4 inch air tube. To interface with the small diameter microbubble resonator a
Luer lock adapter is used. This allows for a Luer lock style syringe fitting to be
used with rest of the system. This is ideal as it inherently provides an interface
with both pressure lines as well as liquid syringes for later experiments. A 30
gauge blunt Luer lock syringe liquid tip is used with Tygon PVC microbore

medical tubing.
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This tubing has an inner diameter of 0.010” or 254um, which brings the whole
system down to the scale of the capillary tubing. The 80um capillary is inserted
into the opening of the microbore tubing and an air tight seal is created with UV

curing epoxy. The opposing end of the capillary tube is sealed by melting the end

Figure 4.1: Formed microbubble resonators. Top row diameters are 280um,250pum, and
210um respectively. The bottom resonator shows the resonator from both top and side
view as seen in by the microscope in the fusion splicer.
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Figure 4.2: SEM image of broken microbubble resonator for measuring wall thickness. SEM image of
broken microbubble resonator for measuring wall thickness.

with the fusion splicer. With both ends sealed, the outside of the capillary tube is

cleaned with ethanol and a lint free wipe.

The capillary tube is placed in the fusion splicer and supported on both
sides from the fiber chucks of the fusion splicer. The input pressure is increased to
40kPa and then the electric arc is applied. When the arc is applied the capillary
softens and the pressure differential between the capillary and the atmosphere
causes a bubble to form as it attempts to reach an equilibrium pressure. There are
three parameters to be adjusted: arc duration, arc power, and pressure. The fusion

splicer used references power as a number representing a portion of the maximum
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possible arc power. This makes it difficult to relate this value to an actual power

applied.

After the bubble if fabricated it is mounted in a 3D printed holder with
epoxy. If the intended application involves passing liquid through the resonator
the sealed end will be removed and a segment of the microbore tubing will be
fixed and fed to a waste container. At this point the microbubble diameter can be
measured. Larger diameter microbubbles are typically better as a larger diameter
resonator has a higher Q-factor and a larger diameter bubble will have a smaller

wall thickness. To first order the wall thickness, Ar;, is:

Ary =155 — \/rozf — (g -1 (4.2)

where 7. and rii are the outer and inner wall radii respectively, and 7. is the final
outer radius. This is based on simple conservation of mass for two infinitesimal
cylindrical shells. However, this approximation slightly over estimates the final
wall thickness at the center of the bubble. A microbubble with a 140pum radius is
expected to have a wall thickness of 3.5um, putting most of the microbubbles
fabricated with this method well within the ideal wall dimensions of 2um to S5pum.
The typical bubbles fabricated range from 3um to 3.5um with some outliers down
to 2um. There was not strict adherence to this simple model and microbubbles
were often found to be smaller than expected. This could result from flow physics

and mass distribution or simply variation of the initial bubble dimensions.
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4.3 Improving wall thickness aspect ratio

Methods for achieving a thinner wall thickness have been explored, but
have not been successful in this work. The first alternate idea was to taper a larger
diameter higher aspect ratio capillary to a smaller diameter. This was feasible, but
tapering the capillary is difficult since any airflow can cause the capillary cavity to
collapse and blowing the bubble was difficult in this geometry as the tapered
region was very fragile. The second idea was to etch the original 80um capillaries
with buffered oxide etch to give a thinner starting diameter and wall thickness. In
order to test the feasibility and etch rate of the buffered oxide etch on the capillary
tubes, multiple sealed capillaries were submerged in buffered oxide etch for 90
minutes. Approximately every 30 minutes a tube was removed and broken and
then measured using SEM. There is some discrepency in the initial wall thickness
from the manufacturers specifications. The approximate etch rate for this

geometry is 103.4nm/min.
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Figure 4.3: Etch rate of fused silica capillary tubes in buffered oxide etch.
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4.4 Microbubble resonator mode spectrum.

After a microbubble resonator is fabricated it can be tested similar to any
other whispering gallery mode resonator. A tapered optical fiber is brought to the
equator of the bubble and light from a tunable laser is launched into the fiber and
coupled to the bubble. The geometry of the experiment is similar to the rendering
shown in Figure 4.4. The Q-factor and mode structure can be determined by
analyzing the oscilloscope trace. The Q-factor of a typical empty microbubble
resonator is 2x10° with a relatively dense mode structure seen in Figure 4.5. By
introducing different liquids into the microresonator the Q-factor and mode
structure can change slightly. Liquids are pushed through the microresonator with
a standard syringe. The waste is directed to a container and disposed. When
ethanol is added to the microbubble resonator the Q-factor drops slightly to

1.5x10° and the mode structure thins out as higher order modes are not coupled

Figure 4.4: 3D rendering of microbubble and taper coupling experiment.
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into as easily as seen in Figure 4.5. This very low reduction in Q-factor makes

ethanol an ideal solvent for dyes in the microbubble resonator.

4.5 Microbubble resonator as a pressure sensor

The first experiment to perform when working with a microbubble
resonator is to test for a dependence on input pressure. After fabrication this
experiment is practically set up. The microbubble is mounted and left sealed at the
end. It is then mounted on a 3D piezo translation stage and brought close to a

tapered optical fiber. Light from a 980nm tunable laser (New Focus 6328) is used
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Figure 4.5: Top: Mode spectrum of empty microbubble resonator. Bottom: Mode spectrum
of some resonator filled with ethanol. The initial Q-factor was 2x10¢ when ethanol is added
the Q-factor dropped slightly to 1.5x10¢
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Figure 4.6: Mode spectrum of microbubble resonator used for pressure sensing.

to excite the resonances of the microbubble. The mode spectrum of the

microbubble used for the data below is seen in Figure 4.6.

When pressure is applied to the microbubble resonator a change in
resonance wavelength is expected. This is tracked by rapidly scanning the
frequency of the laser using an external function generator. This captures only a
handful of resonances as seen in Figure 4.7. Each sweep is captured by a computer
and analyzed in a LabVIEW program. The software analyzes the trace and finds
the location of the center of the peak. The applied pressure is also recorded with
an on chip pressure sensor (MPX5050) and analog-to-digital converter. The
pressure is swept up and down multiple cycles from OkPa to 100kPa and the
resonance center wavelength is recorded. The detuning from center as a function
of pressure can be seen in Figure 4.8. The data is expanded in Figure 4.9 to show
the tracking of wavelength and pressure with each cycle. The data points captured
are fit to a line and show a correspondence of 0.2739picometers/kPa. The standard
deviation of the fit is far lower than measureable with the equipment used, limited

by laser stability and linewidth.
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Figure 4.7: View of resonance seen when dithering wavelength frequency with function generator
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Figure 4.8: Wavelength detuning as pressure changes from 0 to 100kPa.
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Figure 4.9: Pressure applied and wavelength detuning as a function of time. This shows the
tracking of wavelength with the changing pressure over multiple cycles.

As the microbubble is pressurized it creates a change in the resonance
wavelength. There are two primary candidates for this transduction: stress
induced change in refractive index or a physical expansion of the radius of the
microresonator. The most likely cause of this change is the physical expansion of
the microresonator. We can estimate how much the resonator must expand by
looking at basic resonator equations[6]. In this analysis, the free spectral range of

the microbubble resonator in the frequency domain is:

fsr, = — (4.3)

2nnR,,

The actual resonance frequency is an integer multiple, m, of the free spectral range:

c

fo=mxfsr,=m (4.4)

2mnR,

When the pressure changes we expect the radius to expand slightly causing a

change in free spectral range:
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In this case, d, is the deflection of the radius. This can be written as:

__p N
d=—R, =2 (4.6)

The wavelength change in Figure 4.8 can be seen recast as a radius deflection in
Figure 4.10. To further verify the source of the wavelength shift the physics of thin
walled pressure vessel is investigated. The physics behind thin walled pressure
vessels has been well analyzed for the field of gas handling[65]. Storage tanks for
compressed gas use similar analysis. The stress on a pressurized sphere is:

Osphere = % 4.7)

where p is the pressure, r is the inner radius, and ¢, is the thickness. The increase

in radius is then given by:

Ar = Usph%r(l_”) (4.8)

where E is the modulus of elasticity and v is Poisson’s ratio. Given the above
equations[65] and the values in Table 4.1 the estimated elongation is 3.16nm which
corresponds well to the total radius deflection based on the simplified free spectral
range analysis shown in Figure 4.10 as 3.4nm. Improving the sensitivity of the
microbubble pressure sensor can be achieved by increasing the radius of the

resonator or decreasing the wall thickness.
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Table 4.1: Parameters for estimating deflection of pressurized microbubble resonator

Radius deflection, nm

Parameter Value
Sphere radius, r 132 um
Internal pressure 96 kPa
Modulus of Elasticity, E 73 GPa
Poisson ratio, v 0.17
Wall thickness, t 3 um
ull
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Figure 4.10: Radius deflection of microresonator as a function of pressure

based on free spectral range calculations.
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Chapter 5: Multi-photon absorption in

microbubble resonators

5.1 Introduction

In this chapter we demonstrate two-photon fluorescence of Rhodamine 6G
(R6G) in a microbubble resonator excited by a low power continuous wave 980nm
laser diode. We rely on efficiently coupling light into the microresonator modes
by means of an optimized tapered optical fiber to create a high intracavity field
enhancement enabling access to the nonlinear photonics regime at extraordinarily

low pump powers.

Two-photon fluorescence occurs when a molecule simultaneously absorbs
two photons of light and is subsequently excited to a real energy state or band
rather than a virtual energy band as in harmonic generation [66]. The efficiency of
two-photon excitation depends largely on the two-photon absorption cross section
of the specific molecule. Two-photon cross sections have been measured and
cataloged thoroughly and accurately by multiple sources [67,68]. A thorough
analysis of two-photon fluorescence of a Gaussian beam focused on a sample has
been done by Xu and Webb [68]. They have derived a square law dependence of

measured fluorescence on pump power for single-pass two-photon absorption:

(F(O) =39m:Car (%) [, avs?(r) 1)

where ¢ is the system’s optical collection efficiency, 1 is the two-photon
fluorescence quantum efficiency, C is the absorber concentration, o2 is the two
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photon absorption cross section, and S is the spatial distribution of light interacting

with the two-photon absorber.

External cavities have been frequently used to increase the efficiency of
nonlinear optical processes. Common applications of external cavity resonators
include doubling for UV laser sources [69-71]. The concepts of external cavity
nonlinear optics apply to the current experiment and can be used to better
interpret the observed phenomena. The free space external cavity is analogous to
the high-Q microbubble resonator where instead of second harmonic generation
(SHG) from a crystal, two photon-absorption of R6G dye produces radiation

through fluorescence.

The field enhancement of the circulating power and field localization due
to the small mode volume in high-Q microresonators allows for much higher
nonlinear conversion efficiency as compared to single pass operation. For the
analogous case, the pump power dependence for SHG does not follow an exact
square law as expected in single pass operation due to nonlinear losses in the
cavity and pump depletion. The rigorous formulation of external cavity SHG for
Gaussian beams was originally derived by Kleinman and Boyd [72]. The

circulating power inside a simple resonator with a non-linear loss element is given

by:

1-K

Puipe = P,
e l (1_\/ K(l_s_ypcirc)z

(5.2)

where K relates to coupling coefficients, 6 are the linear round trip losses,
and y corresponds to the nonlinear conversion efficiency. All of these terms can be
directly related to the resonator Q-factor. In this situation we have an implicit

dependence on circulating power which interacts with the nonlinear element on
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the pump power, Pi. As pump power increases the effective Q-factor of the

resonator decreases lowering the overall efficiency of the nonlinear process.

In the two photon absorption case the so-called non-linear conversion
efficiency depends on the two-photon absorption cross section, absorber
concentration, and spatial interaction volume. By evaluating the integral as the
whispering gallery mode volume interacting with the core, we can cast this

conversion efficiency as:

‘r (5.3)

Where V. is the resonator mode volume, 7~ describes the confinement of

light in the liquid core region of the resonator, and D is the resonator diameter.

5.2 Methods and results

The microbubble resonators used in this experiment are fabricated by an
arc discharge method similar to Berneschi et al. [60]. The microbubbles are formed
from a fused silica capillary tube with 50um inner diameter and 80um outer
diameter. The capillaries used are supplied by Produstrial. The capillary is
capped at one end by fusing it with an optical fiber fusion splicer (Fitel S148). The
capillary is then cleaned thoroughly with ethanol, pressurized to approximately
50kPa, and then subjected to the electric arc generated by the fusion splicer. The
glass becomes molten around the arc region and expands to form a bubble due to
the pressure differential inside the capillary. Microbubble resonators fabricated in
this fashion typically have a diameter between 200 um and 300 um and a wall

thickness between 1 pm and 5 pm.
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Light is coupled into the microbubble resonator by evanescently coupling
light from a tapered optical fiber into the whispering gallery modes supported by
the microbubble resonator as described by Knight [19]. The tapered fibers used
are made from Fibercore SM800 fiber for single mode operation at 980nm.
Tapering is performed with a flame brushing rig made with primarily 3D-printed
parts [43]. Two of the computer controlled 3D-printed stages slowly pull the fiber
while a third stage brushes a butane torch across the fiber to define the waist
region. The effective hot zone can be varied during the tapering process to
generate different taper profiles. The tapers used in this experiment are made with
a constant hot zone of 10mm and pulled such that the waist diameter is on the
order of 3um [31,73]. The Q-factor of the resonator is calculated by measuring
resonance linewidth with a tunable laser source (New Focus TLB-6320 Velocity
Tunable Laser). The microbubble resonators tested and used for this experiment

had a typical Q-factor of 2x10° at 980nm.

A 5x10° M solution of R6G dye was prepared in an ethanol solvent. R6G
was chosen as a model dye for its reasonably high two-photon absorption cross

section at 980nm and high fluorescence efficiency [67,68]. Both ends of the

Figure 5.1: Left: Microbubble resonator mounted after fabrication. Middle and right: Microbubble
resonator excited with 980nm pump light. The dye undergoes two-photon absorption and fluorescence
generating green-yellow fluorescence along the light path. The center is the point of contact between the
taper and the resonator. This coupling point is a major scattering point creating a green ring effect when

imaged.
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Figure 5.2: Spectrum of two-photon fluorescence of Rhodamine 6G with increasing pump power
measured with an Ocean Optics spectrometer

microbubble are attached to Tygon® Microbore tubing with UV cure epoxy. One
end of the tubing was connected to a syringe to slowly flow the R6G solution
through the bubble. The solution is slowly flowed through the resonator at a rate
of approximately 20 microliters per minute and fed into a waste container at the
opposing end. The slow flow rate is due to the small diameter of capillary tube

limiting flow.

The microbubble resonator is affixed to an XYZ piezo stage and brought to
the waist region of the tapered optical fiber. The system is pumped by coupling
light from a 980nm laser into a resonant mode of the microbubble. The system
operates in the overcoupled regime with the tapered fiber in contact with the
resonator to ease alignment of the system. The R6G dye solution is flowed through

the bubble while the resonator is being pumped. Field enhancement from the high
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Q-factor of the microbubble generates green-yellow light from multi-photon

fluorescence of the dye.

The two-photon fluorescence is first visible to the naked eye at external
pump powers as low as 700uW. This input pump power corresponds to a
circulating power of approximately 200mW inside the resonator. The mode

volume of a spherical microresonator can be approximated as:

202 \3 (mnp\e
Vers ~ 342 (=) (52) (5.4)
as given by Braginsky et. al.[17]. In the case of the microbubble resonator

filled with solution the mode volume can be roughly estimated as 1x10-cm?®. This

corresponds to a localized intensity of approximately 1.5MW/cm?.

Light from the two-photon fluorescence signal emitted by the
microresonator is collected with a 0.1NA objective lens and analyzed using an
Ocean Optics USB4000 spectrometer. The lens images the microbubble onto the
spectrometer’s collection fiber, and the light from the fluorescence signal is
isolated using a short pass filter with a cut-off wavelength at 700nm (Thorlabs
FESHO0700). The measurements are taken with no background signal present. The
spectrum is recorded with a 5 second integration time and 30 pixel boxcar
smoothing. As the pump power is increased the measured fluorescence signal
increases with a nonlinear dependence on pump power as expected for a two-
photon fluorescence process. Figure 5.1 shows images of the experiment in

progress with a CCD camera in place of the Ocean Optics spectrometer fiber.

When the microbubble resonator is pumped, light is coupled into a
whispering gallery mode supported by the resonator; the thin wall of the

microbubble allows the supported modes to extend into the hollow cavity. When
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the microbubble cavity is filled with dye, resonator-enhanced two photon
absorption occurs in the R6G molecules which subsequently fluoresce, with the
fluorescence centered at 580nm with a 40nm width. The multi-photon spectrum
seen in Figure 5.2 is close to that expected from R6G under single-photon
pumping [67]. Note that as the pump power is increased the shape of the spectrum
is retained. The fluorescence signal has a nonlinear dependence on pump power
as expected with this process and is shown in Figure 5.3. The logarithmic trend of

the fluorescence displays a slope of 1.51.

5.3 Discussion and analysis

Deviation from a perfect square-law dependence of fluorescence on pump
power is due to nonlinear cavity losses as described above. The measured power
dependence was fit to the proposed theory by combining 5.1 and 5.2. For the

titting routine 5.1 was generalized to:
(F) =5 Ay(P)? (5.5)

This simplification is adopted to account for the parameters that cannot be
accurately measured. The A term relates to the system parameters which include
collection efficiency and spectrometer calibration. The y term of (3) relates directly
to the two-photon conversion efficiency and has units of W-. The computed fit
matches well to the observed data. The fit parameter y st was found to be 1.6x1013
W-L. This corresponds well with a calculated y of 6x10#W-1. While there is very
little theoretical work on resonant enhanced two-photon fluorescence, similar
experimental dependences on pump power are reported in external cavity

frequency conversion experiments[74].
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Figure 5.3: Top: As the pump power is increased, the total two-photon fluorescence signal

generated increases non-linearly as expected for this process. Bottom: Log plot shows a non-
linear power law dependence of 1.51

Some intriguing effects have also been observed due to secondary effects in
the liquid. When the pump power is in excess of approximately 30mW, absorption
induced heating causes the ethanol solvent to vaporize, creating gas bubbles. The
complicated spatial dependence of the refractive index at the dynamic gas-liquid

interface alters the mode structure of the resonator, increases scattering, and
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creates excess loss which hinders the efficiency of the two-photon fluorescence

process.

At much higher pump powers, around 80mW, we have observed a bright
red glow from the resonator which ends with the tapered optical fiber breaking.
This occurs on the time scale of approximately one minute and further
experiments are planned to understand the origin of this phenomena. Due to the
damage, glow, and other thermal effects at lower pump powers it is hypothesized

that this is the effect of intense localized thermal heating of the resonator.

There was no evidence of line narrowing or mode filtering during the
experiment to suggest that lasing was occurring. Modeling and previous work
indicates that to achieve lasing higher peak power pumping will be necessary to
provide gain while keeping a low average power to avoid unwanted thermal
effects[75,76]. This can also be achieved by a higher resonator Q-factor and by
reducing the diameter of the resonator to further decrease the mode volume and

thus increase the localized field intensity.

We have demonstrated efficient generation of two-photon fluorescence
signals easily visible to the human eye. This work gives better understanding of
the interaction between light confined in whispering gallery mode resonators and
nonlinear optical materials and liquids. Experimental limitations and undesirable
effects which can arise when using liquids in microfluidic resonators have been
identified, namely gas bubble formation and absorption induced heating, which

will be the subject of further study.
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Chapter 6: Digital image analysis of

diatom frustules

6.1 Introduction

Diatoms are a type of ubiquitous phytoplankton which produce cell walls,
called frustules, composed of nanostructured silica. The diatom frustule is
composed of two valves and a series of connecting girdle bands. Valve structures
in particular can have highly complex fundamental structure and
ornamentation[77]. Characterizing the morphology of diatom frustules is
important in understanding the biology of this class of organisms. Structural
characteristics of the frustule have been implicated in providing robust mechanical

properties[78,79], concentration of nutrients[80], adhesion[81] and interaction

Figure 6.1: Top row: SEM images of Coscinodiscus radiatus diatom frustules. Bottom row: corresponding
threshold binary images generated by our analysis.
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with light [82-85]. Most valve morphology characterization is based on manual
measurements of pore spacing and relative position to other key features of diatom
valves and qualitative descriptions of valve structure[77,86,87]. These
measurements can be adequate in many scenarios, but lack information from the
full valve surface as well as substantial statistics of the feature measurements.
They might also be subject to more variability related to the human factor making
the measurements. Here, we have developed a digital image analysis to provide a
systematic computer-based method of quantifying diatom morphology. The scope

of this manuscript focuses on the ultrastructure of diatom valve pore-networks.

This manuscript examines the frustule ultrastructure as it best portrays the
described technique’s ability to handle a large number of pores with minimal
outside intervention. Imaging and performing analysis on the nanostructure of
some diatoms, such as Coscinodiscus wailesii, is possible. However, it requires
destruction of the outer valve or is limited to small glimpses of the nanostructure
through the pores of the ultrastructure. Imaging through the larger pores allows
only a handful of pores for analysis and lacks insight into the large scale pore
patterns and trends. We do show this technique is suitable for diatoms of any size
from Coscinodiscus rothii (approx. 75 pum) and Coscinodiscus radiatus (approx. 30
um) to Thalassiosira pseudonana (approx. 3 um with nanometer features) and can

adequately analyze the nanostructure of diatom species with suitable images.

Our primary interest in this research is to analyze diatom valves with
periodic pore network structures. Pore networks are a description of how the
pores of a diatom valve are distributed with respect to each other. Diatoms with
periodic pore network structures, such as C. wailesii, have shown unique optical
tiltering properties[82] dictated by their microscopic pore structure. Having

complete knowledge of the valve structure can improve simulations required to

76



5 . 3 [ o @
Figure 6.2: Inset of Coscinodiscus wailesii showing how connections are made and pore spacing.
Each pore identified is marked and Delaunay triangulation connections are made in dark blue
lines; the reciprocal Voronoi polygons are drawn with teal lines. Pores with 5 edge connections
are outlined by a green circle and 7 edge connections are outlined by a red circle.

classify the photonic properties of the diatom valve[85]. These photonic properties

may ultimately bear on the diatom’s light gathering strategies for photosynthesis.

6.2 Methods

We use a set of numerical routines to analyze the different aspects of the
periodic structures in diatom valves. The software routines extract pore location
data from raw images of diatom valves and use this data to generate a lattice which
connects each pore. The generated lattice is a mathematical graph which contains
statistical information on pore spacing as well as defect pore locations in diatoms
with periodic pore networks. This information can be used to describe the

morphology of the diatom valve in a statistically rigorous fashion.

The structures of the diatom frustules are complex and require customized
image processing techniques to be used for each studied diatom species. The same

tuned algorithm will work for images of diatom valves from the same species
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imaged under similar conditions. The images are typically acquired through
scanning electron microscopy (SEM), but depending on the size of the species
suitable images are also possible through optical microscopy[77,88,89]. The optical
microscope images used were originally published by other groups in open
repositories such as Plankton*Net by the Alfred Wegener Institute for Polar and

Marine Research[90].

The raw grayscale images are converted to a segmented binary image[91]
by thresholding the image. Ideally, the final binary image highlights the individual
pore locations on the diatom frustule. The images gathered using SEM microscopy
can have poor consistency with image contrast varying across the extent of the
diatom valve. This is due to their large size and susceptibility to charging effects

even under high vacuum and with gold coating.

The image segmentation routine isolates individual pores consists of an
adaptive thresholding operation and, if necessary, a set of other common image
processing routines in order to best isolate the pores in the image. Thresholding is
a common technique used to segment digital images by converting a grayscale
image to a binary image[92]. Each pixel in a grayscale image has a value which
describes its intensity. When thresholding an image a pixel intensity cut off value
is selected. Intensity values above this value are given a value of 1 and below the
threshold value are given a value of 0. The threshold value is chosen to best
segment the foreground from the background or isolate specific objects in the
images. In many cases a single value can be used to segment an image, but in
complex scenes with varying contrast across the image it is necessary to use an

adaptive thresholding algorithm.

Adaptive thresholding algorithms generate individual threshold levels for

each pixel in an image based on the local pixel intensity statistics of the image[92].
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There are many available adaptive thresholding methods which work well for
segmenting images of diatoms[93,94]. The adaptive thresholding we typically
used for diatom pore segmentation is based on a sliding window that calculates
the mean value of neighboring pixels. The local mean is then scaled to find a local
threshold value which best segments the pores. This threshold scaling factor can
be chosen or determined systematically by further analysis of local pixel statistics.
For example, a good threshold value can be set as one standard deviation of pixel
intensity below the mean. This simple method allows for adequate segmentation
despite uneven contrast across the image by effectively normalizing the image
contrast across the diatom valve. A second technique employed is to choose a
threshold level based on the local minimum and maximum pixel intensities. In
general, the specific routine parameters are customized for each diatom species to

optimize pore segmentation.

The least amount of image processing operations should be performed to
segment the image. Ideally, simply thresholding the image should isolate the
pores, but this is usually not the case. Erosion and dilation routines can be
performed to further segment the pores[92]. After the pores are well isolated, the
most effective final step is to clean the image by filtering regions by area which
removes lone pixels and larger areas which are obviously not pores. This requires
some previous knowledge of pore size statistics; aggressive area filtering may not

be suitable for certain applications.

After a suitable binary image is attained, it is analyzed to find the spatial
location of each pore by identifying the centroid of each pore region isolated
through the segmentation process. A Delaunay triangulation algorithm is run
using the centroid data of each pore to generate graph edges between each pore.

The triangulation algorithm generates triangles from a set of provided points that
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form a connection between the points. It chooses the triangles in such a way that
maximizes the smallest angle in the triangle; in other words, it tries to make
triangles which are as close to an equilateral triangle as possible among the given
points. The triangulation algorithm connects edges to points by forming circles by
a set of three points. If there are no other points within the circle it connects these
points with the edges of a triangle[95,96]. This forms a lattice of spatial points and
non-crossing edges which enable us to analyze the resulting graph and gain
quantitative insight into the morphology and quasi-periodic structure of the

diatom frustule.

The two main parameters that describe the pore network structure of the
diatom are pore spacing and regularity. The best visualization of periodicity comes
from examining the graph’s regularity. Regularity refers to the number of
connections per node. In this case, deviations from the standard number of
connections refer to an irregular node. The regular lattice configuration of the
pores in C. radiatus, C. rothii, and C. wailesii is a hexagonal point symmetry.
Hexagonal symmetry is one of the five two-dimensional point group
symmetries[97]. In other words, it is possible to fill a plane with a hexagonal lattice
of points similar to the pore network structure of certain diatoms. Symmetry
breaking occurs when the hexagonal symmetry is compromised by substantial
variation in the pore spacing in localized regions on the valve surface[98]. These
pores can be identified by counting the number of pore-to-pore connections
determined through the Delaunay triangulation. Defects pores typically present
themselves in pairs of five and seven connections which significantly deforms the
surrounding hexagon patterns from their regular shape and influences the overall

periodic structure of the valve[95].

80



Mean spacing: 1.533pm Mean spacing: 1.715um
60 Standard Deviation .307um Standard Deviation .253pym
Number of edges: 1016 Number of edges: 650
50 — Frustule diameter: 33.3uym |20 — Frustule diameter: 29.5um

Mean spacing: 1.747uym
Standard Deviation .281um
Number of edges: 705

Frustule diameter: 32.0pm

10 15 _20 25 30 35 1.5 2.0 25 3.0 1.6 20 25 3.0
Edge length, pm Edge length, um Edge length, um

Figure 6.3: Heat maps, histogram, and statistical data of Coscinodiscus radiatus diatoms analyzed
from Figure 6.1 images. The length to pixel scaling for each image is 43.1 nm/px, 41.3 nm/px, and
74.3 nm/px respectively.

Alternatively, these pores can be identified by generating a Voronoi
diagram of the pore network. Voronoi diagrams are the dual graph to the
Delaunay triangulation calculated from the pore locations. The Voronoi diagram
is generated from the Delaunay triangulation by drawing perpendicular lines
which bisect each edge of the Delaunay triangulation. Each node of the Voronoi
diagram will be found inside the face of each triangle of the Delaunay
triangulation[95,96]. This graph is analogous to the Wigner-Seitz cell of a Bravais
lattice used in crystallography to describe similar periodic lattices[97]. The
polygons which compose the Voronoi diagram enclose each physical pore of the
diatom valve and represent the set of points closest to the encapsulated pore. For
a regular six-fold lattice the Voronoi polygon which encloses the pore will be
hexagonal in shape, when the Voronoi polygon has five or seven sides the site can

be labeled as a defect[98].
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6.3 Results

This technique has been applied to images of multiple different diatoms
which best demonstrate the effectiveness for extracting different types of data
from the diatom valve structure. Diatoms have been chosen which accentuate the
technique’s ability to extract pore spacing information and best visualize the defect

pore locations.

Coscinodiscus radiatus was used to generate statistics of the pore spacing
distribution across the diatom valve surface. C. radiatus has a simple hexagonal
pore network structure with relatively stable parameters. The simple regular
structure will make any deviation from the normal spacing apparent. The C.
radiatus samples used were obtained from the National Center for Marine Algae
and Microbiota and further cultured at the University of Arizona. Multiple C.
radiatus from the same culture were imaged using SEM. The images have been
analyzed and results are displayed in Figure 6.3. The original image and threshold
image of the same diatoms are also seen in Figure 6.1. The original image is
overlaid with a point heat map. Each point corresponds to an edge and the shade
corresponds to the distance between each pore center. Light points represent
shorter edges and more dark points represent longer edges relative to the scene
(Figure 6.3). Each diatom is accompanied by a histogram of edge length along with
statistical information on their edge distribution in Figure 6.3. This technique can
generate a large number of sample edges which provides accurate statistics on the
mean pore spacing. The standard error of the mean pore spacing for the three C.

radiatus valves analyzed varies from 9.6nm to 10.6nm depending on the frustule.

Certain diatom frustules have some curvature to their surface which may
slightly effect the actual measured pore spacing across the entire valve. If

necessary, this can be accurately accounted for by projecting the two dimensional
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Figure 6.4: a) Thalassiosira pseudonana SEM image used for our analysis. B): Results of multi-
peak fitting routine performed on the pore spacing distribution histogram obtained from the
above image of T. pseudonana. The fit-data differential displays the difference between the real
data and the fit. The individual peak fits panel displays the distributions fit to each individual
peak. Each peak corresponds to a different class of pore spacings as described in the main text:
pore-to-pore and track-to-track spacing.

image and spacing data onto a surface height profile of the diatom frustule
obtained by atomic force microscopy or another form of 3 dimensional or
stereoscopic imaging. Both C. radiatus and C. wailesii are known to have a flat
valvar surface and narrow mantle nearly orthogonal with the valvar surface[99-
101]. The mantle region is poorly imaged with a top down perspective in both
diatoms. In C. radiatus the mantle contains only one or two rows of pores[99] and
is largely not included in the above statistics. These pores are not included due to
poor image quality and the different morphological role of the mantle and valvar
surface. Pores which have been inadvertently included in the statistical analysis
contribute to the sampling error. This is quantified as a component of the standard

error.

Thalassiosira pseudonana was used to demonstrate the ability of this
technique to analyze diatoms with pore network structures which do not exhibit
a regular periodic pattern. This species has been extensively studied and was the
tirst diatom species to have the full genome analyzed[102]. T. pseudonana is a

smaller diatom with a diameter of 3 — 4 um. The valve has large portulas around
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the rim and a series of nanometer scale train-track like pores that are directed
across the valve surface[87]. The pore network on this diatom lacks the periodic
layout seen in the other diatoms we have analyzed so far. For T. pseudonana, the
analysis has shown that there are two distinct spacing classes: between the pores
of the track and between the tracks themselves. The distribution of pore spacing is
analyzed using statistical analysis software with multi-peak fitting capabilities.
The mean spacing of the pores in individual tracks was found to be 49.3 nm. The
distribution of edges which connect pores between each individual track
corresponds to 77.9 nm. The original SEM image and statistical data are seen in
Figure 6.4. Identifying these two pore-spacing classes can be used as a

morphological signature to highlight variation within the species.

Optical microscope images of Coscinodiscus rothii were used to visualize
defect pores across the entire valve surface. The images used for analysis are by
Stuart Stildoph as part of The Stuart R. Stildoph Diatom Atlas and were acquired
from Plankton*Net repository[90]. The defect pore locations are identified and
marked in red and green (Figure 6.5). The red and green markers correspond to
pores with seven and five neighboring connections, respectively. The analysis of
this valve brings forward a spoke-and-wheel like structure outlined by the marked
defect node connections. It also shows a higher defect density at the center of the

valve.

6.4 Discussion and conclusion

The technique presented above has the ability to accurately gather a large
scale of statistical information which describes the morphological structure of
diatom frustules through image processing and computational geometry. All the

image processing and geometrical analysis is done using MATLAB, but can easily
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Figure 6.5: Top: Microscope image of Coscinodiscus rothii photographed by Stuart Stildoph
[90]. Bottom: Analyzed image showing defects in the diatom and slice like structure of
periodic regions of pores in the valve. The red and green defect locations correspond to the
same labeled defect Voronoi polygons as in Figure 6.2.

be implemented in other languages which have image processing and
computational geometry packages available. The data collected can help scientists
approach the morphology of diatom species in a statistically rigorous manner.
Analysis of diatom morphology is important for taxonomic classification and
differentiation of diatom species[103,104]. The ability to generate robust statistics
is also relevant to improving sediment analysis for climate change and
environmental studies[104,105]. With a full database of statistics describing
diatom species under study researchers can identify variations in diatom

morphology due to changes in environmental growth conditions[106-108].

It has been established that pore spacing and position are directly related to
the optical properties of the diatom[82-84]. A map of the physical structure of
specific diatoms can be used to better estimate photonic properties of diatom
frustules. Analysis of biological functions and cell organelles is possible by the
application of other imaging techniques such as multi-photon[109] or confocal

fluorescence[110,111] microscopy. Coupling these other imaging modalities with
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a structural map of the diatom could unlock further information regarding the

biological functioning of the diatom cell[112].

This framework for analyzing diatom morphology is a novel powerful
method for understanding the biology of diatom species. It has the ability to
improve diatom research by providing accurate statistics on diatom morphology.
There are numerous applications that can benefit from our analysis, ranging from

biology and environmental science to optics and photonics.
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Chapter 7: Photonics simulations and

visualization of diatom structures

7.1 Introduction

As described in the previous chapter diatom pore morphology constitutes
a unique structure that resembles a man-made photonic crystal. Photonic crystals
are periodic structures of real dielectric constant materials (i.e. lossless insulators
such as glass) on a micron scale that effect the propagation of light through the
structure. This can be a simple one-dimensional structure like a thin film stack, or
a more complex patterned two dimensional structure. The analysis of photonic
crystals mimics that of the traditional semiconductor physics of real crystals where
the optical lattice is analogous to a potential well lattice and EM wave propagation
is analogous to electron wave propagation. In fact, the wave equation describing
waveguide modes takes the same form as the Schrodinger equation where the

index of refraction, n, takes the place of potential, V.

Photonic crystals can be fabricated as a single crystal or defects can be
incorporated into the structure to create waveguides and optical cavities. Optical
cavities are formed in two-dimensional photonic crystals by removing a hole or
locally changing the spacing of the holes, which creates a defect[113]. The Q-factor
for these types of optical cavities is typically much lower than that of whispering
gallery mode microresonators, but recently nanostructured photonic crystal

resonators have hit a record Q-factor of 9x10°[114]. The photonic crystal properties
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Figure 7.1: Diffraction by a diatom frustule. a) supercontinuum beam with no diatom in place
b-d) diatom in different positions on the frustule showing wavelength dependent diffraction
due to the differing color of the central m=0 diffraction order.

of a structure manifest themselves as diffraction, confinement, or absorption of
light depending on the input frequency, polarization state, and angle to the

structure[115,116].

Previous to this work, optical filtering by diatom frustules was studied
experimentally by our group. In this experiment, supercontinuum light was
passed through the face of a diatom frustule, similar to those explored in the
previous chapter. The species used for these experiments was Coscinodiscus
wailesii. Light diffracts due to the periodic structure of the pores on the diatom
frustule causing the pattern shown in Figure 7.1. At different positions on the
diatom frustule the spectral dependence of the diffraction efficiency changes. The
wavelength passed through the central order depends on the pore spacing of the
frustule. The light from the central order was collected with an optical fiber and

the spectrum as measured with an optical spectrum analyzer.
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7.2 Fourier optics beam propagation through a diatom

Fourier optics was the first method used for trying to understand the optical
properties of diatom frustules. The beam propagation method is a straightforward
method for simulating the propagation and diffraction of light through interfaces
and objects to see the effects of aperture and index geometries. The goal of this
simulation is to model the structure of a diatom as a thin phase mask and examine
the far-field diffraction pattern as a result of phase and absorption. This simulation

is executed in MATLAB.

The first step is to generate the initial field past the diatom. This is given by,

E,(r) = A(x, y)etkon(xy)d (7.1)

where A is the beam aperture and k, = 2m/A. The refractive index profile n
describes the frustule geometry and can either be generated as a lattice or taken
directly from the binary images generated in the previous chapter. The refractive
index profile is a complex number that also accounts for optical loss due to the
diatom geometry and material. This can be from absorption or scattering and lets

only the coherent light interact with the model. The propagator used is

(5),

K(k) = ei<k_ 2k (7.2)

The propagator, K, is convolved with the initial field in Fourier space:
E(k) = FFT(E,(r)) * K(k) (7.3)

The inverse Fourier transform is then calculated to determine the final field, E,

after propagation for a distance of z[117].
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Figure 7.2: Far-field diffraction of simulated diatom structure with a mean pore spacing of a) 2.5

pm, b) 3.0 pm, and c) 3.5 um.

This method for propagating electromagnetic waves was used to look at the

structure of diatoms and the diffraction that occurs when light propagates through

the frustule surface. The simulation setup generates a hexagonal lattice with
random perturbations to simulate the diatom surface and define the complex

electric field Eo(r) beyond the diatom frustule. When light propagates through the

hexagonal diatom frustule it creates a hexagonal diffraction pattern. A longer

lattice spacing brings the diffraction pattern closer together. The diffraction

patterns shown in Figure 7.2 represent the field at only one wavelength, 633nm. In

the analogous experiment, the diatom was illuminated with a supercontinuum
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Figure 7.3: Simulated transmission of light through diatom frustules of different hole spacing. The
light in the central diffraction order is normalized to the total transmission. The spacing ranges
from 2.5 um to 4.0 pm in 0.5 pm steps.

light source via optical fiber. The light collected beyond the diatom is collected by
a single mode optical fiber which only samples the central region of the diffraction
pattern. The light is analyzed by an optical spectrum analyzer to see the

transmission spectrum.

To simulate this experiment, the propagation code is run at each
wavelength from 100 nm to 1000 nm. A 10 pum aperture samples and integrates the
field intensity, |E|?, at the central order and normalizes this value to the intensity
of the entire diffraction image to see an approximation of the wavelength
dependent diffraction efficiency. The results are similar to what is being measured
in the actual physical experiment. The simulated results are plotted in Figure 7.3
and show that as the pore spacing increases the minima of first order light

91



gradually shifts and the width of the dip widens. The reduced portion of the light
in the first order corresponds to more light being diffracted by the diatom at that
wavelength. When the spectrum broadens and flattens this signifies the lack of

preferential diffraction at specific wavelengths.

7.3 Structure of high index converted diatoms

Diatom frustules are composed primarily of silica, which has been a
primary motivation for investigating optical properties of the diatom. The index
of silica is relatively low. Photonic crystal structures typically are made using
materials with a high index contrast to define the features. The high index contrast
allows for a more defined and complete band gap. A high index contrast can create
a total band gap as opposed to a partial band gap; with these properties, full

rejection of light in the stop band is expected.

If diatom frustules with a high refractive index are used in similar
experiments to the original wavelength filtering experiments performed, it is
expected that we would have different and more prominent wavelength filtering
properties. To create diatom frustules with a high refractive index the original

silica frustules can be converted into a high index material such as Mg2Si.

This conversion process was performed by collaborators at Georgia Tech.
The multi-step process converts a diatom of species C. wailesii in stages from the
initial silica (5iO2) to a porous silicon. The pores are filled with MgO creating an
MgO:Si diatom frustule. The final step fully converts the diatom frustule to Mg2Si.
A single diatom frustule was tracked during each step of the conversion process.
The frustule was imaged by SEM and elemental analysis was performed with

EDX. The images of the diatom frustule were analyzed using the software
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described in the previous chapter. This analysis shows that the diatom
morphology and scale are well preserved during the chemical conversion proces