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SUMMARY

Microresonators are an area of current and growitegest with applications as
light sources, lasers, sensors and taggarts. Misoorators are devices that confine light
in small volumes through total internal reflectiontroducing an emissive species into a
microresonator allows for resonance enhanced emnissi frequencies where the
spectrum of the emissive species overlaps with résonant frequencies of the
microresonator. Previous research has led to a goddrstanding of these phenomena in
1D and 2D microresonators, but many 3D microresongéometries have not yet been
investigated.

One hitherto unpublished microresonator geomsttiie cube. The cube offers a
predicted limited set of resonant frequencies arfdgile to fabricate. Fabrication was
accomplished via 3D multi-photon lithography, a neet for 3-D creating free-form, true
3D polymeric microstructures. There were four funéatal challenges in creating a
cubic microresonator. The first was developingttas to reproducibly and precisely
fabricate cubic microresonators. Second, it wagseary to refine the device fabrication
process to minimize losses in the device. Thirdem@rssive species had to be integrated
into the device to transform it into an active roir@sonator. The selected emissive
species had to be optically active following theide fabrication process. Lastly, the
devices had to be spectroscopically characterzekkionstrate the existence of

resonant cavity modes in the device.
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CHAPTER 1: INTRODUCTION

Microresonators are an area of current and growitegest with applications as
light sources, lasers, sensors and taggarts [Mi2foresonators are devices that confine
and circulate resonant light in a small volume. Theonant frequencies in a given
microresonator are tunable via device geometry. mbst fundamental microresonator
confines light along a single axis and is an iraégart of a every laser [3]. It is possible
to create microresonators, which confine light wot dimensions (2-D). 2-D
microresonators may be created in any arbitranpehar regular polygon [4]. 2-D
microresonators make use of the total internaleo#itbn of light to confine resonant
modes of light. As a result, the material indexr&ffaction serves to limit the possible
modes supported by a given geometry. The squareoregonator is a particularly
interesting example of this ; when created of aematof an index less than 2.0, the only
family of resonant modes resembles a square pathilired in the device. Other notable
2-D microresonators include ring and toroidal resdars, which are both being
investigated for applications in optical switchig 5].

Work has been done to extended microresonators 2o 3D. The most well-
characterized 3D microresonator is the microsphbfierospheres are fabricated by
heating silica fibers until spheres of molten glessn on their ends [5, 6]. It is possible
to create microresonators with extremely high dmityi to detect the presence of
particles as small as a single virus [7]. The ndptere is one of the few microresonators
capable of supporting complex 3D mode paths.

An interesting next step in the development of 3idraresonators would be the
creation of polyhedral microresonators. The crea@md successful demonstration of

emission in polyhedral microresonators has not Ipeewiously reported in the literature.



As mentioned above in the discussion of the numdfemodal families in a 2D
microresonator, there was only a single geometat timited the number of mode
families to a single option; this geometry was assq. Making similar considerations for
regular polyhedral microresonators, it is concei@ahat a cubic microresonator would
only support a single family of resonant modes ic@df on separate orthogonal planes
inside the device.

Optical microresonators are typically fabricatedlizihg photolithography of
doped semiconductor materials [8]. However, itl$® gpossible to create microresonators
through photolithography of polymers, or by shapsiliga fibers with heat [6]. A novel
alternative to traditional fabrication methodsasuse Multi-Photon Lithography (MPL).
MPL is a method for rapidly creating free-form,ar8D structures with features as small
as 100 nm using a highly spatially-confined polyizegion initiated by resonant photons
[9]. The polymerization system consists of freeykte and diacrylate monomers along
with an initiator dye capable of causing multi-ptot polymerization. MPL
polymerization occurs when a sufficient number efanant photons are incident on the
initiator molecule simultaneously. The probabily two photons causing a resonant
energy transition is extremely low under unfocu$igtit; however, the probability is
significantly higher in the focal volume of the éasAs a result, it is possible to utilize
the focal volume of the laser as a fine writing lempent to cause selective
polymerization [10].

MPL offers several advantages relative to conveafiophotolithography
techniques. First, MPL can create complex free-faroe 3D structures of arbitrary

design without masks. These structures can be enotter of tens to hundreds of



micrometers with features down to 100 nm [9]. Lygsdl large range of emissive species

may be integrated into MPL fabricated structuresgnag from organic dyes to rare earth

metal complexes. The integrated species can beéedxeia an external light source to
cause emission at another frequency. This abillopwa MPL to create optically active
devices.

There will be several key objectives that must bet fior successful device
demonstration:

1) Fabricate a three-dimensional cubic optical microesonator: Using MPL, cubic
microresonators must be reproducibly fabricatedetsired dimensions.

2) Increase the quality factor, Q, of the microresonator. The quality factorhe tatio
of the energy stored in a microresonator to thegnest by the device per unit
time. A large quality factor is desirable becauseill result in strong, narrow band
emission from the device. The roughness of thecgestiirfaces plays a crucial role in
the overall microresonator Q. Rough surfaces leaektessive scattering and a low
Q; while, smooth surfaces minimize loss and in@edsvice Q. Consequently, one
of the main foci of this work will be to minimizesdice roughness arising from the
fabrication process.

3) Integrate an emissive speciesnto the microresonator. In order to observe the
supported cavity modes in the device, it is neaggssaintegrate a strongly emissive
species in the device that is capable of beingtesdrom an external light source. In
addition, the species must be soluble in the MPirtisig solution and remain

optically active following all steps of the MPL me@ss.



4) Demonstrate the existence of cavity modesSpectroscopic characterization
involves device excitation with an intense lighe(ia laser) and observation of the
emitted light from the device. The desired emiss®ra series of sharp emission

peaks, which is indicative of stimulated emissiod &sing.

AL

Fabricated Increase Q Emissive Cavity Modes
Device

Figure 1.1: The four goals of the research illustrated: 1yits#tting a device to desired
dimmensions 2) increasing the quality factor, g surface roughness reduction, 3)
integration of an emissive species in the device famally 4) observation of cavity
modes in the far field.



CHAPTER 2: BACKGROUND

Microresonator Theory

Optical microresonators are devices that confingensify and store light [2].
Optical resonators may be classified in terms efriobmber of dimensions along which
light is confined, e.g. 1-D, 2-D and 3-D. The siexgil 1-D optical microresonator,
illustrated in figure 2.1a, consists of two plaraallel mirrors separated by a distance L,
referred to as a Fabry-Perot resonator. Light waraesl along the longitudinal axis of
the cavity and are reflected between two planellearairrors. Standing waves develop
within the cavity as a result of constructive arsbtductive interference effects. The
standing waves are half wavelength multiples ofdéréty length, L. This relationship is
described in 1-D standing wave equation, where amisnteger great than 0. Thus the
first resonant mode in a 1-D cavity, as illustrated?.1b, is half a wave,=2L. The

second resonant mode is a complete wave, depretgde, =L [1, 3].



b)

I |
| L |
Figure 2.1: a) a 1-D microcavity consisting of two plane paehalnirrors, b) the first

resonant mode of the microresonator (m=%22L, c) the second resonant mode of the
microresonator (m=2)=L

A
m— =L
2

where, m=an integer greater than 0.

The equation above describes the set of all passidvelengths that can
resonantly circulate in a 1-D cavity. Figure 2.Didés a distribution of modes plotted as
a function of wavelength,. The idealized modes appear as a series of ilfinthin
peaks with a height of infinity. The peak to peastahce between the modes is referred

to either as the Free Spectral Range (FSR) or tuahspacing.
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Figure 2.2: Ideal mode structure inside a microcavity. Therghaes represent the

resonant wavelengths of the cavity. The distand¢ed®n the lines is known as the Free
Spectral Range (FSR) or modal spacing.

The FSR for a given microresonator is constanbsacrthe entire frequency
domain; however, it is important to note that thedal spacing is not constant when
discussing the wavelengths of the resonant. Dué¢hi® property, long wavelength
emissions from a microresonator are further spameat than shorter wavelengths.
Figure 2.3 illustrates the modal spacing in a1s 1-D microresonator betweer200 to
=1000 nm. At =200 nm, the modal spacing is 3 nm. At the endhef wavelength
range, at =966 nm, the modal spacing is 69 nm. As a resuthefincrease in modal

spacing, if the goal of device fabrication is taltha single-mode cavity, then a longer

wavelength emitter is preferred.
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Figure 2.3: The modal spacing of a (L=5m) 1-D microresonator plotted as a function
of wavelength. Notice how the modal spacing dracadlli increases from 3 nm at200
nm to 69 nm at=966 nm. This plot can be reproduced by modifyingdislSpacing.m in
Appendix A.

The modal spacing is also a function of the physidianensions of the
microresonator. Figure 2.4 shows the modal spdangarious 1-D microresonator edge
lengths plotted at=500 nm. Considering a fixed wavelength, it carsben that as the
length of the 1-D cavity decreases, the spacingde the modes increases. Thus if the

goal of device fabrication is to build a single modavity, then a smaller cavity is

preferred.



-
Co

- - -
5%} . o2]
T T T

—
L=
T

modal spacing (nmj)

00 20 40 60 80 100 120
1-D cavity edge length (um)

Figure 2.4: Modal spacing at=500 nm for 1-D microresonators with lengths ofLB,
20,40, 60, 80 and 100m. By considering a single wavelength, it can leadl seen that
as cavity length decreases, the modal spacingagsese This plot can be reproduced with
ModalSpacing.m in Appendix A.
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Intensity (a.u.)
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Figure 2.5: Optical gain medium in a microresonator excitedexcite resulting in
broadband emission peaking amit. The vertical lines inside the emission speutr
represent the resonant modes of the microresonator.



A microcavity is a passive device; however addintheomophore to its interior
results in the creation of an active device, a angsonator. As illustrated in Figure 2.5,
exciting this device with a laser of excite results in emitted light over a range of
wavelengths. The emission curve of the laser dylaps the sharp resonant modes of
the cavity, described above in the 1-D cavity sitagpdvave equation. The resulting
emission spectrum from the microresonator is tloelgpet of the resonant modes and the
emission curve of the dye; hence it resembles adead Gaussian distribution (illustrated

in figure 2.6).

I
[l
|
X i
Ny
JAVAVA
A%

v v

Figure 2.6 The emission spectrum of a microresonator isoaymt of the cavity modes
and the emission curve of the emissive speciesh@énnicroresonator. The resultant
emission spectrum therefore is a modulated versidhe emission curve.

An important figure of merit for a microresonatsrthe quality factor, Q. It is a
measure of the ratio of the energy stored in a oresonator to the dissipated energy.
Pragmatically, Q provides a measure of the relaivergetic threshold for lasing and the
brightness of resulting emission. A high Q deviees fa low threshold and a narrow,
bright emission spectrum. A low Q device demonsfrdhe opposite. Q is most readily

computed as the wavelength or frequency of a reggeak divided by its width at half

maximum:

EnergyStored _ Vresonant __ )\resonant

- EnergyDissipated Avy g - A2
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Where, 1,and i, are the peak width at half maximum. It is deskeatiol increase Q .

Figure 2.7 shows three emission peaks from a hwtio#l microresonator. The area
under the peaks, the excitation energy, is the damall three peaks. Note how the left
peak has a large width and low maximum value. bwsireg Q results in a narrower peak
with a great maximum intensity. Further increastpgreates an even stronger, narrow
peak. Increasing the microresonator Q increasemtansity (brightness) of the emitted

light, lowers the lasing threshold allowing the wevto be excited at lower powers and

causes narrowing of the spectral emission peaks.

Intensity

AN

Increasing Q

Figure 2.7: Three emission peaks from a hypothetical micrarasw. The area under the
peaks, the excitation energy, is the same fohadlet peaks. Note how the left peak has a
large width and low maximum value. Increasing Quitssn a narrower peak with a great
maximum intensity. Further increasing Q create®\en taller, narrow peak. The taller
sharp peak has greater brightness and a lowegl#ésieshold.

In the 1-D cavity, resonant light only travels ajoa single axis between highly
reflective mirrors; however, highly reflective nmors are not the only means for

confining light. Light can also be confined in aluome through use of total internal

11



reflection, whereby light rays incident on theuhdaries of the cavity at angles greater

than the critical angle are fully internally refled. The critical angle is expressed as:

nS’U/I"T’

O,r;+ — arcsin
Nmat
Where nma and Ry denote the refractive indices of the material ahd

surrounding, respectively. Figure 2.8 iteratesahgle of incidence of a light ray inside a
higher index material (n=1.5) traveling to a lovirdex (n=1). From left to right, the ray
approaches first normal to the boundary with cotepleansmission. As the angle grows,
the majority of the ray passes through the boundary is refracted. In addition, a
smaller portion of the light is internally refledteWhen the incidence angle equals the
critical angle, the light ray is totally internalhgflected. All subsequent angles greater

than the critical angle are also totally interna#flected.

Figure 2.8 Iterative changes to the angle of incident afhtlray on a high to low index
boundary. As the angle of incidence equals andesiscthe critical angle, the ray of light
is internally reflected. Figure courtesy of Wikiped

12



One notable device that makes use of TIR to cordime guide light is the fiber
optic waveguide. In a fiber optic waveguide, lighteflected internally at angles greater
than the critical angle off parallel longitudinabundaries, causing light to propagate
along the longitudinal axis of the fiber optic. &b optic waveguides are not
microresonators, but 2-D microresonators make udsthe same TIR phenomena to
confine light.

Using TIR to confine light in microresonator allofes facile creation of complex
2D geometries. Two-dimensional microresonatorsesimaany common properties with
1-D microresonator except as their name suggésty,dupport light propagation in two
dimensions rather than just one. An interestingerty that arises from stable 2D light
confinement is a class of modes known as whispayailgry modes (WGM) that trace

the perimeter of the microresonator at glancindesg

13



Figure 2.9: Evolution of whispering gallery modes in regulatygonal microresonators.
As the number of sides, p, approaches infinity,splring gallery modes are exclusively
confined to the outer boundaries of the microregmn@he resonant path is depicted as a
dashed line inside solid boundaries. At the extrednthe circle, the ray trace diagram
fails to describe the complexity of the WGM, andnist a circle inscribed on another
circle.

The evolution of whispering gallery modes, depidte@.9, can be considered in
terms of increasing the number of sidps,of a regular polygon. Ag increases, the
WGM path evolves to be closer to the boundary efrtticroresonator. At the same time
asp increases, the number of vertices of the polygeneiase making it easier for totally
internally reflected light to propagate. Eventuallye number of sides becomes infinite
and the polygon is a circle. Asincreases, the number of possible stable modalspat
inscribed in ap-sided polygon increase. This means that for paiggaith a largep,
multiple families of modes can exist simultaneousiyie emission spectra of such
polygons would be the product of multiple families.

For example, given a series pfsided 2D regular polygonal microresonators
fabricated of PMMA with an index of 1.49; the ardi angle is 42°. In this series, plotted
in figure 2.10, microresonators witp>5, multiple modal families could exist
simultaneously. For instance, it is possible taiite a rectangular family as well as a
pentagonal family in a pentagonal microresonataor.biliild a single family device, the
only possible regular polygon would be a squared]. The smallest possible polygon,

the triangle p=3), would be incapable of TIR, and hence could footn a functional

microresonator.

14
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Figure 2.10: The number line above shows the angle relativléeanbrmal of an
edge for reflected light confined in a polygon mtides. At reflect<42° (the critical
angle for PMMA), there are no totally internally fmed modes of light. At

reflect>42°, light can be confined via TIR. Notathhe squarepE4) is unique in its
ability to sustain only one modal family, the inbed square.

The square is only able to support a single familyesonator modes due to its
geometry and the critical angle. In the square,pitoperties of alternate interior angles
are critical in limiting the allowed angles for TIR ray of light in a square will always
be reflected at an angle ofor its complimentary angle (90 degree3 F1]. Figure 2.11
shows the critical angle and its compliment (2@). The two curves intersect at a
refractive index contrast of 1.41. For all indexntrast values less than 1.41, no rays of
light can be confined in the square via total im&rreflection. At a refractive index
contrast of 1.41 and above, TIR modes exist withensquare. As the index contrast ratio
increases, a larger range of angles allows lighficement TIR. For an index ratio of
2.0, angles between 30 and 60 degrees are podsil&IPL fabricated structures with a
predicted index ratio of 1.49 (based on PMMA v),aingles between 42.2 and 47.8 are

possible. The actual index of the fabricated devies measured from a 100 mM

Coumarin 481 doped film is 1.53, so the index of\PMis a good approximation.

15
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Figure 2.11: Plot of the allowed angles for total internal eetion inside a square
microresonator as a function of index of refracttmmtrast between the resonator and its
surroundings. Note that the first curve is thei@itangle and the second curve is the 90
degree minus the critical angle. Sets of anglegléenthe shaded region can be totally
internally reflected.

The region bounded by the;; and 90-.i curves contains the set of internal
reflection angles capable of resulting in light regnfinement. This bounded region
contains both stable resonant modes as well aghlagton-resonant modes. Depending
on the reflective properties of the microcavitye tlirst possible mode is a 2-node 1-D
oscillation between parallel walls. The second fbssmode is a 4-node square path

inscribed within the square resonator itself. Feg@rl2 depicts with a dashed line the

fundamental 4-node inscribed square path [4, 12].
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Figure 2.12: The solid lined square is the boundary of squacearesonator. Inside the
microresonator are the lowest loss mode, the dagmeadnd the lossy, related elongated
rectangular modes, denoted with a dotted line.

In addition to the low loss inscribed square, a helated family of rectangular
orbits exists. Lebental, et al. have previouslyorggd observing modes following the
dotted path in Figure 2.12 with reflection pointanthe corners of the microcavity [4].

The path length of both the square and rectangulats is the same. It is possible to

compute the resonant wavelengths for the dashechbpath.
mA=nxL

In this equation, m is an integer reminding us fbata resonant mode to exist, the light
waves traveling inside the microresonantor mushhghase. The index of the material is

n, and L is the total length of a complete cirewdund the optical path. L is written as:

17



The above equation can be used to obtain resomequiencies for a given square
microcavity geometry by iteratively changing thedamumber, m. Taking the forward
difference of the computed array of resonant freqies, it is possible to solve for the

modal spacing as a function of wavelength. Thisltas plotted in figure 2.13 for seven

m\ =n * 2V 2a

different edge lengths ranging from B to 100 m.

10

Modal Spacing as a function of edge length
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Figure 2.13: Modal spacing for squares with edge lengths ran@iagh 5 to 100 m
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plotted over a range of wavelengths from 200 toOL9®.
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Work has been done to extended microresonators #bnto 3D. The most
notable 3D microresonator is the microsphere. Migheres are fabricated by heating
silica fibers until spheres of molten glass formtlogir ends [5, 6] The microsphere is one
of the few microresonators capable of supportingmex 3D mode paths.

An interesting next step in the development of 3idraresonators would be the
creation of polyhedral microresonators. As seervalo the discussion of the number of
modal families in a 2D microresonator, there waly ansingle geometry that limited the
number of mode families to a single option; thismetry was a square. Making similar
considerations for regular polyhedral microresorsgtat is conceivable that a cubic
microresonator would only support a single familyesonant modes confined on planes
inside the device. These planes would resemble Ritboresonators in their mode orbits.
Due to the geometry of the device, fully 3D resdrmandes (i.e. a spiral) would not be
possible.

The emission spectrum of a cubic microresonatdhesefore expected to be a
combination of the resonant frequencies of indepeh@D square planes embedded in

the microresonator.

Multi-Photon Lithography Background

MPL is a method for rapidly creating free-form,arBD structures with features
as small as 100 nm using highly spatially-confinmalymerization initiated by the
simultaneous absorption of multiple photons [9].eThhotons are simultaneously

absorbed by an initiator molecule, which causegtilgmerization reaction. In order for
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the photons to be absorbed to initiate the polyraéion process, the sum of the energy
of the absorbed photons must be resonant, equah telectronic transition in the initiator
molecule. The absorbed photons may have the sameyyena state referred to as

degenerate, or have different energies, referred twon-degenerate.
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g

Figure 2.14: Energy level diagram for two-photon absorption.

Multi-photon absorption can be understood by examithe case of two-photon
absorption (TPA). Figure 2.14 depicts the degepezatergy level diagram corresponding
to TPA. Initially, a molecule exists in the grousighte, until it is excited by a photon into
a virtual state, v. The virtual state, v, is noteagenstate of the molecule, but rather an
intermediate state between eigenstates. A secomtomphmust be incident on the
molecule in order to excite the molecule into thergy state, e’, before the virtual state
decays. The probably of the transition from v taueter ambient light is infinitesimally

small; however, inside the tightly focused coneadéser, the probability is sufficiently
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high to make TPA a viable pathway to selective pwyization. TPA results in the
creation of free radicals, which in turn initiafgdymerization.

The rate of TPA polymerization is proportional b tsquare of the laser intensity.
The intensity profile of the focused laser beamdsuniform. Rather, there is an inverse
square relationship with respect to beam radiu® ihkierse square is a sharp function,
where intensity drops dramatically away from thatee of the beam. As a result, TPA
polymerization is tightly confined in a small volerapproximated by®.

The specific initiator molecule and resin systeredu$or MPL consists of the
initiator, E,E-1,4-bis[4-(di-nbutylamino)styryl]-2;dimethoxybenzene, pictured in figure

2.15, and the acrylate monomers, pictured in figuié.

Figure 2.15: The MPL initiator molecule, E,E-1,4-bis[4-(di-nbldaynino)styryl]-2,5-
dimethoxybenzene.
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Figure 2.16:Liquid resin is comprised of two components: a)®R9 (50% by weight),
an alkoxylated trifunctional acrylate ester and 3R 368 (50% by weight), Tris(2-
hydroxyehtyl)isocyanurate triacrylate.

As stated previously, the multi-photon absorpi®highly spatially confined and

only possible inside the focal volume of a lasearbe These attributes allow complex
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free-form, true 3D structures to be created throtinghcontrolled translation of the laser

focal volume inside the liquid resin system.
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CHAPTER 3: METHODS

MPL-fabricated structures were created using aidigquross-linkable resin of
acrylate monomers. Liquid resin was first prepasgdcombining 50% (weight/weight)
solid diacrylate monomers (proprietary, SR368, @aer) with 50% (weight/weight)
triacrylate monomer (proprietary, SR9009, Sartonidére combined components were
heated for 10 minutes at 50 °C and stirred at 2%0. rA spontaneous cross-linking
inhibitor molecule, 4-Methoxyphenol (Aldrich) wadded at 0.1wt%. The resin was then
heated at 50 °C and 250 rpm for an additional 1@r$0At this time, the resin was
filtered using a 1.0m PTFE syringe filter (Target) to remove any impas.

A portion of the stock liquid resin solution waartsferred into a new 4mL vial
and a 100 mM Coumarin 481 (Exciton) solution waspgred in the resin solution. The
solution was mixed at 40°C and 180 rpm for 2 hotire multi-photon initiator, E,E-1,4-
bis[4-(di-nbutylamino)styryl]-2,5-dimethoxybenzengjas added at 0.1wt% and the
solution was mixed at room temperature and 180 fiqma minimum of 6 hours. The
doped resin solution is supersaturated and thus beustored at a temperature of 30 °C
to prevent the Coumarin 481 from precipitating.

In order for MPL-fabricated structures to adhereatglass substrate, glass slides
were pretreated with an adhesion promoter, 3-(Tthioeysilyl) methacrylate (Aldrich).
The adhesion promoter (5% by volume in methanob drigpped onto the surface of the
slides until the entire slide was covered. Theeslidrere then cured on a 130°C hot plate

until no liquid remained. This process was repeatedadditional times.
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In order to utilize the liquid resin as a sourcatenial for creating structures, the
resin must be contained. A circular 56h thick Teflon washer was cut to fit under a

25x25 mm cover slip following the dashed lines igufFe 3.1.

Figure 3.1: Dashed lines denote the location of cuts mad®tab Teflon washer in
order to make it the same size as the cover slip.

The cut washer was then placed on the adhesioneteahnslide. The two semi-
circular parts of the spacer were placed in theerest the slide to provide additional
support for the cover slip. and resin was careiffgpehsed with a 1.5 inch 18 gauge

needle onto the side following the pattern in feg@r2.
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Figure 3.2: The adhesion promoted slide with the carefullyceth Teflon spacer,
represented as gray. The liquid resin was dispefataving the pattern of the green
shapes. The two semi-circles of Teflon in the ceatt to maintain the thickness of the

cell.
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A thin 25x25 mm #0 cover slip was carefully placear the Teflon spacer and
secured on one end with tape. Care was taken t@mirérapping bubbles in the cell. In
order to obtain uniform cell thickness, a foldeddeissue gripped with forceps was
slowly and evenly dragged across the surface oftler slip from taped end to opposite
end. This process was repeated with a clean fd&esitissue and excess resin was wiped

away. The cover slip was then secured with tape.

F —]

LT L1

Figure 3.3 Completed liquid resin cell

The completed cell was loaded cover slip side dowmthe sample arm attached
to the three-axis positioning system (Sutter Imatnts). Care was taken to ensure that
the arm was made level to the stage of the NikoBODEmicroscope. The 60x Plan APO
1.4 VC microscope objective was carefully brougtid icontact with the cell utilizing an

index matching fluid and a fine stepper motor.
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Figure 3.4: Experimental apparatus employed for MPL.

First, the location of the interface between trgili resin and the adhesion-
promoted slide needed to be found. This was donébysing on the Teflon washer
inside the resin and then translating the sampléhénxy-plane until the microscope
objective was located in the middle of the cellisTposition was recorded in the Sutter
MP-285 as (0,0,0). Using the raster beam scannarzabm of 1.00 and laser power of
0.70 mW (~150 W at meter), the resin was imaged. Using knowlezfgée intensity of
the fluorescence as a function of position in theeen in figure 3.50), it is possible to
reproducibly locate the interface between the Hgresin and the glass substrate. The
gain on PMT1 was set to 1300 arbitrary units, ai@aufficient to saturate the detector
while imaging the resin. If the initial image se®as bright red, the z location was inside
the resin on the high intensity fluorescence platda this case, the z-position was

changed in the positive direction until the shanpotf between the resin and slide was
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found. This spatial coordinate was marked as (P,0n0the event that the initial image
seen was not bright red, the z-position value wasiged 150 m in both positive and
negative directions until the bright red was sd@ére servo driven shutter was then closed
utilizing the LabVIEW Virtual Instrument (VI), 3DMPvc 3.1 developed in house by

Vincent Chen.

Fluorescence Interface Scan

. . F
ey

Coliecied Data
|— Post Noise Reduction

Detected Fluorescence Signal

1.92 1.94 1.96 1.98 2.00
Z Axis Position (mm)

Figure 3.5: The blue regions at left and right denote the lbanes of the liquid resin
cell; on left is the cover slip and on right is tflass slide. The scatter-plotted circles are
fluorescence intensity recorded at different z fpmrss, as plotted on the x-axis. The noise
reduced fluorescence is plotted as a red line. N@ebrupt change in the amplitude of
the red trace as a function of position. Using kieolge of this change, it is possible to
reproducibly locate the interface between the tqasin and the glass substrate. Image
courtesy of Vincent W. Chen.
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Figure 3.6: Guided User Interface (GUI) for SDMPL.

X Y Z Time Laser

0.00 0. 00 5. 00 5000.0 1
0.00 0. 00 23.00 2000.0 a
0.00 0. 00 4,80 5000.0 1
0.00 0. 00 4,80 2000.0 a
J.00 .00 4., 60 30aQ0.0 1
0.00 0. 00 4,60 2000.0 J

7

Figure 3.7: Format of script used to create microresonators. ifuts from left to right
are: x,y,z position in um, time in milliseconddambinary value for opening and closing
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the laser shutter (1 corresponds to shutter open, hutter closed). All values in the
ASCII file are tab-delimited. This script can beoguced with rowofblocks.m in
Appendix A.

To create a 10 m cubic microresonator elevated on a central colutima first
fabricated component was the structural column. Zd@m in the Bio-Rad Acquisition
3.2 software was set to 45.00, corresponding ta0x330 micron area using a 60x
objective. Next, a “user defined” box size was exde880x1024 lines. The default scan
area is 512x512 lines in size. This scan area isarsqjuare as would be expected, but
rather forms a rectangle with an x length 15% g@mre#tan its y length. It has been
empirically determined that constraining the numbklines in the x to be 86% that in
the y, a true square could be created. Hence, ®5322scan is programmed as 440x512

and a 1024x1024 becomes a 880x1024. The ratio loadstant for squares between

40x40 and 3x3 micrometers.

Nominal “User Defined”
512x512 scan box 440x512 scan box

Figure 3.8: The nominal scan area of the Bio-Rad raster beaanngr produces a
rectangular block, but providing a custom value e raster scan area allows a true
square to be created.

The galvomotors were engaged by clicking the redris& laser symbol. The

laser power as measured by the power meter wa® @a¥0. The step and scan program
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with a 0.2 m step, 110224bottomOp2.txt, was loaded and exeécuidis took
approximately 30 minutes; afterwards, the zoonheBio-Rad software was changed to
15.00, corresponding with a 10x16h box. The power was set to 0.800 mW and the step
and scan program, 110224topOp2-5overlap.txt wasuted. The completed structure
was then examined via optical microscopy to look defects. The process was then
repeated until the desired number of microresosat@s created.

Following MPL, the sample was demounted from the&rosicope and excess
index matching fluid was removed from the liquidl agssing a hexane saturated lens
tissue. Tape holding the cell together was cangf@inoved and the cell with cover slip
in place was placed in a 100% ethanol developmeatber. The cell was stirred at 500
rpm for 2 minutes. The slide was subsequently feairesd for two additional two-minute
ethanol development stages followed by a 1.5 mileteane bath. The slide was then
dried under gentle suction provided by a fume hood.

The structures on the slide were then located téhaid of a UV lamp. The
location of the structures was marked with perman&arker. Depending on the intended
end use of the sample, the slide substrate wasdalypireduced in size to fit on a SEM

mount or cut in half to isolate individual microoestors.
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CHAPTER 4: INTEGRATION OF EMISSIVE SPECIES IN

MICRORESONATORS

In order to introduce an emissive dye into fabedamicroresonators, a selected dye
was incorporated into the precursor photoactivenrésr MPL, comprising acrylate
monomers and initiator molecules. The emissive idygelected to provide stimulated
emission and optical gain inside the microcavitgve&al criteria were developed to

select candidate dyes:

1) Emission wavelength:As discussed above, it is desirable for a candidse to
have a long wavelength emission maximum, in ordemiaximize the modal
spacing of the emission spectrum. Pragmatically theans that the modulated
emission spectrum from a red dye (620-750 nm) dapeunloresonator will be
easier to resolve than one from a violet dye (380+4m) doped microresonator.

2) Solubility in both the liquid acrylate monomer soluion as well as the cross-
linked resin following fabrication: Based on the operational characteristics of
typical dye lasers, the emissive dye should begpttest concentrations of 1 mM
or greater. The scientific literature contains osdare mention of dye solubility in
PMMA,; however, the components of the resin are lyigioluble in dioxane,
which is used to prepare blade casted films ohre&s a result, it is possible to

utilize published dioxane solubility data as anlagdor solubility in PMMA.
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3) Large Stokes Shift The Stokes shift is the distance in wavelengtifrequency
units between the absorption maximumax, abs, Of an emissive molecule and its
emission maximum, max, emIn Order to cause fluorescence and ultimatelyntasi
the dye must be excited with an intense light se(re. a laser). This light source
will be a few orders of magnitude more intense ttremnemitted light. Thus, if the
Stokes shift is small, there is a significant cleanotreabsorption of emitted light .
Readsorbed light causes further emission, but Iseciésiprocess efficiency is less

than 1, the emission is quenched.

Stokes shift

ki

intensity

absorption

wavelength

Figure 4.1: lllustrating both the absorptive and emissive csreé an organic dye.
The Stokes shift is the distance between the abearpnd emission maxima. Image
from Wikipedia.

4) Ability to excite dye using available light sources For characterization
performed by our collaborators, the Zyss group dye must be able to be excited
by their 355 nm nanosecond laser.

5) The emissive dye is not appreciably degraded fronrde radicals generated

during MPL nor removed from fabricated microstructu res by development

processDevelopment of structures is conducted in an ethlaath that dissolves
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non-cross-linked acrylate monomers. One criteriseduto evaluate dyes was the
ratio of their reported solubility in ethanol vessdioxane. It was preferred that
the dye was less soluble in ethanol than dioxasecéd a ratio of 1 was desired. In
hindsight, this metric may have been too arbitrary.

6) Commercial availability at reasonable costlt was desirable that the final
candidate dyes could be obtained commercially iantjties exceeding 1 g at
costs less than $100/g.

Quantum yield and photostability under long-terghhenergy pumping as would occur
in a laser were not considered. However, if a nge/ dere to be sought, these criteria
would be highly desirable.

Published data on one-hundred-and-forty possibbs dyere compiled into a single
spreadsheet. Detailed references for all dyes @arfobnd on the Exciton website
(www.exciton.com). Initially dye selection focused obtaining a dye with an emission
peak greater than 620 nm. Several dyes with emissiadhis wavelength range were
tested; they include DOTC lodine, DODC lodine, IR1ahd DCM (details in table 1).
All dyes unfortunately were not soluble in the st/ p-dioxane, the starting solvent for
solid resin, or in the liquid resin acrylate sabuti

Table 4.1: Long wavelength emission dyes tested for solybillone were even
marginally soluble in p-dioxane or the liquid resin

Short Name IUPAC Name Lasing Peak Absorption
max
DOTC lodine | (3-ethyl-2-[7-(3-ethyl-2(3H)-benzoxazolylidene)- | 745 nm 695 nm
1,3,5- heptatrienyl]-benzoxazolium iodide) (DMSO) (DMSO)
[13] [13]
DODC lodine | (3-ethyl-2-[5-(3-ethyl-2(3H)-benzoxazolylidene)- | 662 nm 582 nm
1,3-pentadienyl]-benzoxazolium iodide) (DMSO) (DMSO)
[14] [14]
IR144 (2-[2-[3-[[1,3-dihydro-1,1-dimethyl-3-(3- 871 nm 745 nm
sulfopropyl)-2H-benz[elindol-2-ylidene]ethylidene]- (DMSO) (DMSO)
2-[4-(ethoxycarbonyl)- 1-piperazipgt
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cyclopenten-1-yllethenyl]-1,1-dimethyl-3-(3- [15] [16]
sulforpropyl)-1H-benz[elindolium hydroxide, inner
salt, compound with n,n-diethylethanamine(1:1))

DCM ([2-[2-[4-(dimethylamino)phenyl]ethenyl]-6-methyl; 654 nm 480 nm
4H-pyran-4-ylidene]-propanedinitrile ) (DMSO) (MeOH)
[17] [18]

It became apparent that solubility would be theidg factor in selecting a suitable
dye. Since scarce published data on the solulwlitiaser dyes in acrylate monomers
exists, it was decided to compare dye solubilitjuea for 1,4-dioxane, a solvent that
readily solvates acrylate monomers. Using thisedoh, 34 dyes with published
solubility in 1,4-dioxane were indentified. Thesé @/es were then evaluated based on a
required published solubility of the dye of at leasnM, a Stokes shift of >40 nm, and as
long of an emission wavelength as possible. Thassria together identified 12 dyes all
with emission in green-yellow. The 12 dyes werentlexhaustively compared on the
basis of cost, reported solubility above 1 mM, gadceived risk associated given the
information at hand.

Table 4.2: The 12 most promising dyes, their emission wavele)gsolubility in
dioxane, and some comments

Name Rank Max Lasing | Solubility in dioxane| Remarks
Wavelength (mM)
Coumarin 481 1 481 [19] 20.0[20] High reported usilty;
Quantum Yield (0.89)
Bis-MSB (1,4-bis[2-(2-| 2 421 [21] 1.20[22] Promising Solubility, 70 nm
methylphenyl)ethenyl] stokes shift,
benzen)
Coumarin 503 2 502 [23] 6.00 [24] Similar to otf@pumarins,
but less data available
Coumarin 540A 2 537 (EtOH) 8.90 [25] Due to reported
506 (dioxane) solvatochromic emission
[24] wavelength shift in dioxane
to 500 nm, no clear
advantage over C481
POPOP 2 419 [26] 2.00 [26] Promising solubilitypksts
shift of 60 nm
Coumarin 500 3 470 [24] 5.40 [24] Concerns over visimg
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development (reported 10
more soluble in EtOH thal
dioxane)

- X

DPS 407 [24] 3.00 [24] Short lasing wavelength

Exalite Series 350-530 [27] 1.70 [27] Could wdbpkt insufficient
information in literature

p-Terphenyl 342 [28] 1.00 [28] Lasing wavelengh short

Rhodamine 590 590 [29] N/A Poor dioxane  solupili
when tested in lab

Coumarin 440 440 [24] only reported as Unknown solubility in pure

EtOH/dioxane mix | dioxane [24]
LD 466 466 [30] only reported as | Unknown solubility in pure

EtOH/dioxane mix

dioxane

In the end, three of the five high potential caatikddyes were members of the

Coumarin dye family. Of these three, Coumarin 4&% whosen to represent all due to its

very high (20 mM) reported solubility in dioxanedaneported small solvatochromic

shifts. The shorter wavelength, 420 nm, emittingsd8is-MSB and POPOP were also

chosen for in-house testing due to their large &dhifts, 70 and 60 nm, respectively.

Solubility testing of the three dyes immediatelypwkd that Coumarin 481 was

the best candidate. It dissolved in liquid resithaut stirring, was readily available in

bulk at low cost, and is not prone to photodecontjposunder ambient light [19].

Coumarin 481 was first synthesized in 1973 by stulistg a fluorine group for a

methyl group in a Coumarin with an emission peatuad 430 nm. The substitution

resulted in increased photostability and an emmspeak of 481 nm [19]. Coumarin 481

has an absorption maximum of 390 nm in a PMMA fifigure 4.3), which agrees with

reported absorption maximum in dioxane at 390 ndl.[Experiments conducted in

house have found the solubility of Coumarin 48%ha liquid resin to be at least 100

mM; two orders of magnitude larger than the typidgé concentration in a dye laser.

Lastly, the index of refraction of the polymeriziguid resin with 100 mM Coumarin

481 is 1.53, a less than 3% deviation from the etqukvalue of 1.49, based on PMMA.
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Figure 4.2: The molecular structure of Coumarin 481
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Figure 4.3: Absorbance and emission spectra from one photoynm@oized PMMA

films containing 10 and 100 mM, respectivelyabs,max=390 nm andemit,max= 480
nm.
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CHAPTER 5: FABRICATION

In this chapter, the MPL fabrication process iscdssed along with key
challenges in creating high fidelity microresonatdt is useful to provide a description
of the fabrication process. To begin, an ellipsbitecused volume of laser light is

translated along a single axis to create a polyradriod (Fig 5.1a).

EEEE— E——
a) Parallel rods b) Rastered area (spacing c) Plane
exaggerated)
) —_—
d) Stacked Planes &) Cube f) Microresonator

Figure 5.1 The fabrication of a microresonator from rodstap scanned area (b) to a
plane (c) to stacked planes (d) to a cube (e) imadlyf a microresonator (f).

When a predetermined line length is reached, theagamotors inside the raster
beam scanner, reverse direction in y and changpdsigon in x by an small increment
1(0-20 nm for a 10 m cube or 40-80 for a 40m cube). The polymerized rods are not
entirely parallel, but form a zig-zag pattern wattmall angles as seen in Fig 5.1b. As the
raster beam scanner traces over a predeterminadvéttethe laser, a plane of thickness
equal to the height of the laser focal volume foffrgure 5.1c). The plane is rescanned
twice per second until a mechanical shutter bldbleslaser; for all microresonators in

this thesis, a period of five seconds.
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After completion of creating a plane of polymerizegin, the z-position of the
laser focus cone is stepped a predetermined incieimehe z-axis, typically 0.2m for
smooth microresonators, via the MP-285 micropaséio The mechanical shutter then
opens and a separate plane, overlapping the precpldine, is created (Figure 5.1d). The
stacked planes eventually become cubes (figure) Zahd by combining cubes, a
microresonator is created (5.1f).

There were three primary areas of optimization edefdr creating high quality
cubic optical microresonators. First, the capabsit to reproducibly fabricate
microresonators to desired dimensions had to besldped. It was imperative that
fabricated cubes were indeed cubes and not redwmnguisms. Second, the
microresonators needed to be mechanically isol&iau the fabrication substrate in
order to prevent stress-relaxation-related defaonatcaused during. This objective also
optically decoupled the microresonator from itsissvment, reducing potential sources
of light loss. Lastly, since the smoothness of thieroresonator surfaces is directly
proportional to the microresonator quality fact@),( it was critical to make the
microresonators as smooth as possible.

The targeted microresonators, depicted in 5.2halle larger cubes supported
either by a central support column or four smaéitfeThey are mechanically isolated
from the substrate through the support feet or rarakecolumn. This feature acts to
prevent deformation of the microresonator duringefi@oment processing and is key in
optical coupling the devices from the substratee st important feature of the intended

devices are smooth surfaces.
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10 um 40 um
Figure 5.2: lllustrations depicting the two sizes of fabrichtzibes: 10 m, and 40 m.

Shape Distortion

The next shape distortion issue was the appeadrsigarp, upturned corners on
fabricated cubes. Figure 5.3 is representativén@fpghenomena; it can also been seen in
subsequent figure 5.5a&b. As can be seen, the udpce of the cube slopes upwards
towards the edges of the cube forming a depressitime center of the microresonator.

The typical deviation from a truly flat surface2is m.

3um EHT = 8.00 kV Signal A = SE2 Date :10 Feb 2011
Mag = 12.56 K X WD = 25mm Photo No. = 1885 Time :21:59:14

Figure 5.3: SEM image of thesurface of a 40 m cube on 10 m cube supports. Note
the upturned edges in areas of higher dosing aedctntral depression (Sample
#110206-E: P=2.171, (z=17 (440x512)), 60x objective
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During a nominal writing a)  s(b) :-
procedure, the Bio-Rad MRC 102

scans 1024 lines in a single second.

order to accomplish this, the Bio-Ra

MRC 1024 must change the direction -

the laser beam every 1 ms. Howev
A
since the galvomotors driving the las:
raster scan have inertia, the change

direction is not instantaneous. Figul \

5.4 depicts a model of the position (e / i \

velocity (b) and acceleration (c) of th s AP SN ¥
laser beam as it travels along a sing c) aft)
raster-scanned line. The position of tl .

laser can be approximated as a cul {

polynomial. Using this model, it is ¢ =
evident that the laser spenc
significantly more time near the edge
of the cube than it does in the center.
Figure 5.4: Polynomial functions representing as
The velocity of the laser during a singlefunctions of time: a) the position of the lasezdb
volume, b) the velocity of the focal volume and c)
line scan can be approximated as &he acceleration of the laser focus volume. A scan
begins at timepgtand ends at.t
second-order polynomial. The
acceleration of the laser during a single line stam be approximated as a straight line.

This model provides a qualitative explanation fosidg during a single line scan. It is
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important to remember that the next line writtes haen stepped in the y position, yet it
still overlaps the previous line. Consequently,irggle line receives twice if not many
times more the dose as it received when the lasat yolume exactly traced it.

The effect of uneven dosing can be minimized byreksing the time spent
exposing each line created in the polymerized reBivere is an inverse relationship
between microresonator size and raster scan spéed, as the microresonator size is
reduced, the raster scan speed increases. Henisepdissible to create 10 um cubic
microresonators with only minimal effects of unewdsing. The raster scan speed can
also be increased by increasing the path travejeth® laser to create a polymerized
plane within the laser. This was accomplished bgraasing the line density in the
microresonator. Using these two relationships,asossible to minimize the impact of

uneven dosing.

Decoupling the Microresonator from the Surface

Fabricating cubes directly on the adhesion-promatalstrate results in the
creation of distorted structures. Figure 5.5 shdiwes volume distortion typical in two
cubes fabricated directly on the substrate. Thierdice in edge length at the base and
top of both cubes is ~20%, a non-trivial value.sTkind of distortion has been attributed
to shrinkage of the microstructures resulting frbath shrinkage during the fabrication

process as well as the out diffusion of unreactadsmluring sample development.
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EHT = 8.00 kv Signal A = SE2 Date :3 Feb 2011

10pm
Mag = 6.30 KX |—| WD = 25mm Photo No. = 1044 Time :9:27:32

Figure 5.5: a 50x40 m rectangular block showing a tapering resultirggrfrshrinkage
(1120202-1V: 0 mM Coumarin 481, 60x objective, P-=9AMW (z=4.46 (512x512))

The tapered shape of the cube can be explainadrims of deformable body
mechanics. Figure 5.6 depicts the intended shaptheoftube via a dashed line. The
intended and actual volumes of the cube are naddgtical immediately following
fabrication. The fabrication process mechanicalynds the cube directly to the rigid,
higher Young's modulus glass substrate. During bgreent, diffusion of unreacted
mass occurs isotropically on the boundaries ofdiige. As a result the cube seeks to
uniformly contract to an equilibrium shape of tlzene geometry. This is possible within
the equilibrium zone of the cube, away from theedixboundary of the substrate.,
Between the equilibrium region and the substratst®xa transition region of tapered

faces on the cube.
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Figure 5.6: A deformed cube following development. Note that thorphology of the
cube may be divided into two regions, an equilitiritegion and a transition zone. The
equilibrium zone has uniformly stress relaxed agtdins rectilinear characteristics. The
transition zone has a tapered shape followingtitess distribution in the cube.

This mode of distortion can be nearly eliminatedrchanically isolating the cube from

the substrate. This is seen in figures 5.12,

Surface Roughness

The magnitude of the surface roughness for a nesmrator is inversely proportional to
the quality factor (Q) of that device. The impatthos reduction in Q can be considered
in the three emission peaks, each representinganaat wavelength, shown in figure
5.7. Starting on left, it is possible to see tlit broadest, shortest peaks are observed in
the roughest microresonators with low Q. As theghmess of the microresonator is

reduced, the Q increases and the emission peakswand increase in intensity.
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Figure 5.7: depicting the inverse relationship between Q amfiase roughness. Note
that high Q values with sharp, intense peaks aenbst desirable outcome.

In this discussion of surface “roughness” it is ortant to remember that the
primary phenomenon of concern is undesirable perisdrface modulation and not
random roughness, which exists, but at a small@lesdhus all discussed mechanisms
causing “roughness” can be controlled through tweathe fabrication parameters.

The first mechanism to be considered is the coresempi of polymerizing the
liquid resin while translating the z-axis. The Hésg structure, seen in Figure 5.8,

closely resembles the outline of an accordion’solaed.

44



20um EHT = 10.00 kV Sigi
Mag= 124 KX |—{ WD= 11mm Pho

Figure 5.8: SEM image of a ~100x100m block fabricated via continues writing during
translation. Note the rough surfaces resulting ftbeninteraction of the z-translation and
the raster scan. Fabrication parameters: 0 mM Cdnm8l, 40x objective, P=3.51 mW,
(z=2.75 (512x512))

This morphology can be minimized, but not eliminkhéen while translating at
very small z-translation speeds. Figure 5.9 schieaibt depicts that during the entire
interval of t1 to t2, the laser excites the resinilevthe z-position is continuously in

motion. Noting that this z-translation occurs sitankously with the xy motion of the

raster scan helps explain the aforementioned amrordorphology.
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Figure 5.9: The relationship between laser exposure and zslation as a function of
time for continuous writing.
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By considering the volume of resin scanned by tieHR&d confocal device, as
planes of non-negligible thickness, it was logit@lconsider structures consisting of
simple stacked layers. This method dubbed “StepSaash” synchronizes the opening of
a mechanical shutter with z translational stepguf@ 5.10 shows that laser exposure
times (t1 t2 and t3 t4) occur only when the z-position is constanislbonly before,
between and after these intervals that the z-posis changed. This process eliminates

the zig-zag morphology seen previously.
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Figure 5.1Q The relationship between laser exposure andnsfation as a function of
time for “step and scan.”
The success of this methodology is shown in figbrEl. It displays a well-
formed 40 m cube with a layer spacing of 1.0n. The overall shape of the structure

matches the target structure, a cube, and the sigesignificantly smoother than the

example in 5.8.
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EHT = 10.00 kV

20pm
Mag= 320K X '—| WD = 14 mm

Figure 5.11.SEM Image of a 40x40x40m cube with low overall shape distortion. Note
the prominent 1.0m layer spacing. Fabrication parameters: 100 mMn@oin 481, 60x
objective, Pfeet=1.11 mW (z=15 (440x512)), Pcub&&W (z=4.46 (440x512)).

Transitioning from a continuous writing procedure “step and scan” caused
significant improvements in microresonator morplgglas well as reduced side wall
roughness, but additional optimization was necgssHne prominent layering seen in
Figure 5.11 has a period of in and was not deemed to be sufficiently smooth ghao
give rise to a high quality factor.

An expedient method to reduce the side wall surfaceghness of the
microresonator is to change the size of the z-&tk@n when writing different planes of
polymerized material. Figure 5.12 depicts five eliéint z plane step increments ranging
from 0.20 m to 3.0 m. In the 2.0 and 3.0m z step increments, the inter-plane spacing
is regular and the modulation of the surface istenorder of 1®nanometers. Although
it is difficult to see the differences in surfacedunlation between the 0.20, 0.50 and 1.0

m z increments in these images, the 0.20has the smallest surface modulation, on the
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order of 16 nanometers. From these experiments, it became thata spacing of 0.20

m produced the smoothest sides.

10um
b) Mag= 345KX |—i

; -
A)Mag= B7OKX |—]

f’/’?

10pm

EH

i . - 10um
M) mag= 351kx —— ) Mag= 285KX || w

Figure 5.12: SEM images of MPL—fabricated blocks with differentplane
spacings: a) 0.20m b) 0.50 m ¢) 1.00 m d) 2.00 m and e) 3.00 m. Parameters for
block a: 100 mM Coumarin 481. Additional parametd?g.=1.113 mW (440x512),
Poube=1.299 mW (440x512), 60x objective. Parametersbfocks b-e: 0 mM Coumarin
481, P=3.06 mW (z=2.75 (512x512)), 40x objectiveredied via script:
LinespacingTest.m

Once the side wall roughness was well characterigedecame necessary to
address the top surface roughness. Top roughnisss &om the periodicity of a tightly-
spaced raster scanned area, where individual #égments form the total raster scanned

area. The Bio-Rad MRC 1024 confocal scan headdwasdifferent primary “box sizes”,

control over the number of lines in a given boxyspthe ability to create custom “box
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sizes.” The four primary options are box sizes @BX128, 256x256, 512x512 or

1024x1024 lines. It is possible to scan the saredfarea with differing line densities.

Figure 5.13 illustrates four different line ders#ti (a) 3.2 linesm, (b) 6.4

lines/ m, (c) 12.8 lines/m, and (d) 25.6 linesm. The lowest line density forms a block

with wide, periodic major bands every 1.4n. Increasing the line density from 3.2

lines/ m to 6.4 lines/m reduces the predominance of major bands, antbfhsurface

appears as only entirely the product of smallezdin

EHT = §.00 kV Signal A=SE2  Date 28 Jan 2011 “10pm EHT = 800 KV

WD= 19mm Photo No. =782 Time :11:18:42 Mag= 48B4 KX WD= 19mm

EHT = 8.00 kY Signal A=SEZ  Date 28 Jan 2011 10um EHT = 8.00 kV
WD= 19mm Phato No. =781 Time ‘11:16:59 Mag= 5.16KX —|  wo= 18mm

Signal A=SE2  Date :28 Jan2011 _
Photo No. = 785 Time :11:23:39

Signal A = SEZ Date :28 Jan 2011
Photo No.= 786 Tima :11.26:48

Figure 5.13: SEM images ofour 40x46x8 m blocks created with variable line density
a) 128x128 (3.2 linesm) (Note: SEM damage in lower right corner) b) 226& (6.4
lines/ m) c) 512x512 (12.8 linesi) and d) 1024x1024 lines (25.6 linasy).
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There are a few difficulties associated with detamg quantitatively the top line
spacing and height of the protruding lines. Thetfineasurement attempts were made
with Scanning Electron Microscopy (SEM). The tecjua proved useful to get an
overall image of the top surface, but the featoresop of the microresonator possess soft
edges that make fine focusing above 6 kx difficliliis is compounded by the fact that
the electron beam causes the microresonator tardedgen at accelerating voltages as
low as 3.0 kV. As a result, SEM is helpful, but sahprovide quantitative measurements
for roughness.

Another useful instrument for measuring surfacegh wmicrometer scale
roughness is the Atomic Force Microscope (AFM). TkiEM utilizes a cantilevered
probe to interrogate a surface either by dragghm grobe over the surface (contact
mode) or oscillating the probe at its resonantdesgry to only intermittently touch the

surface (tapping mode) [32].
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AFM Tip

Side

Top

Figure 5.14: AFM tip scanning a representative area of ffdcubes embedded in a
larger 7 m thick polymerized block.

It was possible to conduct AFM measurements in itgppnode on the top
surfaces of 10 m cubes embedded in a ¥ block of polymerized resin (depicted in
figure F); however significantly different modulf the rugged etched silicon cantilever
tip and the soft resin made it challenging to apgl§ficient force to properly image
without destroying the sample. Figure 5.15 showstdip surface roughness on a 10 cube;
of note is the large hole created by the AFM tipngl the bottom of the frame.
Impalement can also be confirmed independentlydsgparing the natural frequency of
the cantilever before and after measurement.

Positioning the cantilever on the sample was chglleg. The 35 m wide
cantilever needed to have its 1 long tip placed on the 10x10n square using a 4x

magnification camera. The cantilever tip had teage a large area containing the
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samples by detecting the increase in height betwlserembedded cubes and their host
matrix. More than once, this process resulted endieation of a double tip, necessitating

the use of a new tip.

0.0 um 2.0 4.0

248 4 nm

2000

1350.0

100.0
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Figure 5.15: AFM image of a 5x5 m area on top of a 10m square with 440x512 box
size (51.2 lines/m). The vertical bands are the expected resuliefdbrication process.
The large dark spot on the bottom of the sampke rissult of impalement by the AFM
tip. The one unexpected result of the data cobectvas the discovery of numerous
craters on the surface of the square.

Figure 5.15 shows a 5x5n area on top of a 10m square with 440x512 box size
(51.2 lines/ m). The vertical bands are the expected resuli@fdbrication process. The
large dark spot on the bottom of the sample issalt@f impalement by the AFM tip. A
surprising result of AFM was the discovery of numes surface craters roughly 0.5
in diameter and typically 20 nm deep from rim tdtbm. These craters are likely the
result of solvent evaporation during sample devalept. This phenomenon has been
coined “the coffee ring effect” after the ring léfy a coffee cup on a surface [33, 34].

A rapid, “just-as-good” alternative to AFM is omic profilometry. Optical

profilometry is a non-contact method for measursugface roughness using light to
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resolve surface features down t&?0. Using the LEXT laser 3D confocal optical
profilometer (Olympus), it was possible to rapidiyage several 10m cubes embedded

in a 7 m matrix. Figure 5.16 shows three 1M squares with varying line densities.

Each scan was acquired in under a minute compareder an hour on AFM.

Figure 5.16: Surface topography imaged via optical profilome#ll. squares are ~10x
m on an edge. From left to right, 220x256 box (2més/ m), 440x512 (51.2 linesm)
and 880x1024 (102.4 linesh).

The surface roughness of the three line densitere \uantified with the LEXT
3D software. The root mean square surface deviatias chosen as the figure of merit
for comparing the roughness of the top surfaces.th&t lowest line density, 25.6
lines/ m, the RMS surface deviation was 0.252 um. The R&18e more than halved by
doubling the line density to 51.2 linesd. Finally, at the highest line density, 102.4
lines/ m, the RMS surface deviation was only 0.075 umsTapresents a 70% reduction
in RMS surface deviation and clearly demonstrétas higher line densities are desirable

for reduced RMS surface deviation.

Table 5.1: The root mean square (RMS) surface deviation dettdifferent raster line
densities. Note that the RMS deviation decreas#sincreasing line density.

Raster Line Density RMS Surface Deviation (um)
220x256 (25.6 linesim) 0.252
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440x512 (51.2 linesim) 0.122
880x1024 (102.4 linesm) 0.075

Discussion of fabricated devices

Cubic microresonators with edge lengths of b® and 40 m were successfully
fabricated. After fabrication and development tlevides were examined via scanning
electron microscopy (LEO GEMINI 1530 and 1550, Gzeiss, Germany). Images were
collected with the SE2 secondary electron detdotenhance contrast.

The first generation of microresonators was intendedemonstrate the ability to
create a supported cantilever structure resemiaingble. Figure 5.18 shows the first
successful microresonator table fabricated on Wweth a comparison to the intended
dimensions on right. The tolerance on these featuaaged from 4% to 30%. The
primary tolerance concern was the overall edgetkeng “table top;” it deviated 15%
from intended. This deviation was eliminated in seduent generations of

microresonators as discussed in the shape dist@@iction of this chapter.
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20um EHT = 9.00 kV Signal A = SE2 Date :10 Nov 2010
Mag= 197 KX |—| WD= 16 mm Photo No. = 9960  Time :13:49:03

Figure 5.17: SEM image of first generation “micro-table.” OrftJea fabricated micro-
“table” with tolerances of 4 to 30% with respectitdended dimensions. On right, a
drawing representing the intended fabrication disimams. R.=1.40 mW (z=15
(512x512)), Riwe1.60 (z=4.46 (512x512)), 40x objective.

In comparison to the first generation devices guffé 5.17, the second generation of
cubes, seen in Figure 5.18, more closely matcheit ihtended dimensions. The
intended dimensions were 40x40x4th cubes supported by 10x10x1én feet. Most
crucially, the edge length of the cubes only deda?2-6% from their intended length of

40 m.
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10pm EHT = 10.00 kv Signal A = SE2 Date :13 Dec 2010
Mag= 1.80KX |_| WD= 10mm Photo No. = 3319 Time :13:12:58

Figure 5.18: SEM Image showing the side elevation of two 40 cubic microresonators
with 1.0 m spacing. Fabrication parameters: 100 mM Coumé8h, 60x objective,
Pfeet=1.11 mW (z=15 (440x512)), Pcube=1.50 mW @&4440x512)).

Examining the same two microresonators from abowtef that the left cube in
Figure 5.17 is on right in Figure 5.18 and vicesag@rreveals that the main cubes were
fabricated with a high degree of accuracy. The hwaitd depth of the left cube are within
0.1% (60 nm) each of other; while the right cubse édge lengths within 0.4% (120 nm).
It is difficult to compare the measurements presiguaaken in Figure 5.18 with those in
Figure 5.19 due to the different angles of obs@maDespite this, the overall fabrication
of the cube is satisfactory. There is only one misue, the placement of supporting

feet with respect to the cube.
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1pm EHT = 10.00 kV Signal A = SE2 Date :13 Dec 2010
Mag = 1.62 KX | WD= 19 mm Photo No. = 3329 Time :13:48:02

Figure 5.19: SEM image of Overhead view of cubes in figure 5M8te that in this
image, the cube position is reversed from previmege, 5.19; the cube on the right in
figure A is on the left in figure B. Fabricationrpaneters: 100 mM Coumarin 481, 60x
objective, Pfeet=1.11 mW (z=15 (440x512)), Pcub&&W (z=4.46 (440x512)).

The next generation of 40m cubic microresonators reduced the z-spacing from
1.0 mto 0.2 m. The 1.0 m spacing of the cubes in figure 5.18 is readilgaapnt like
a washboard. In comparison, the O walls in Figure 5.20 require close examination to
find small differences between the fabricated layé&snfortunately, in order to obtain
improved surface smoothness, the cumulative dossivied by the resin needed to be
increased. It was not possible to find an optimadedfor 40 m cubes with a 0.2m

spacing and all fabricated cubes had smooth redike$-igure D as well as a large void

as seen in Figure 5.21.
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2pm EHT =10.00 kv Signal A = SE2 Date :17 Dec 2010
Mag= B79KX |_| WD= 18 mm Photo No. = 3589  Time :11:47:01

Figure 5.20: SEM image showing a 0.2n z-spacing 40 m cubic microresonator with
100 mM Coumarin 481. Additional parameterge#®1.113 mW (440x512), &he1.299
mW (440x512), 60x objective. The vertical surfackéthe cube are very smooth with the
exception of the defect in the left corner. Thisedeoccurred at the same place on other
cubes within the same sample. (101213 llib-1)
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10pm EHT =10.00kV  Date :17 Dec 2010
Mag= 287 KX |—| WD= 18 mm Time :12:05:27

Figure 5.2 SEM image of a 40m cube showing large void. The location and size of
the void was consistent across several microresmatt is hypothesized that the
consistently located voids are the result of incgieat dose arising as an artifact of the
raster scan system. Fabrication parameters arerf.2-step, 60x objective, 100 mM
Coumarin 481 (101213 111-90a)«B=1.113 mW (440x512), &he1.299 mW (440x512).
Exceed boiling point of liquid. Use mask to cut tffn around part.

After unsuccessfully working for an extended permfdtime to eliminate the
formation of large voids, the focus in microresamatabrication shifted direction to
create smaller microresonators with larger modaicsws. This shift was made over
concerns about the ability to resolve fine featunea collected emission spectrum. As a
result of changing fabrication dimensions from dd® m, the predicted modal spacing
near the Coumarin 481 emission maximum increaseth ft.4 nm to 5.7 nm. The

increased modal spacing would make it easier terebsthe microcavity modes, if they

exist, with a suitable spectrophotometer or monoctater for characterization.
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10 m cubic microresonators

Two representative 10m microresonator cubes elevated 1@ off the glass
substrate are shown in Figure 5.22. The overakaltape is well formed and the support
column is crisp (Figure 5.23). The most noticeatdéct is the bulbous skirt around the
bottom of the cube, see detail in figure 5.24. Thialso the location where fabrication of
the cube begins. A possible explanation for thet skithat since the first few layers of
the cube are unsupported during fabrication, thegkle and deflect until a sufficient
number of layers have been attached to give the cobchanical integrity. A likely
workaround for this problem would be to fabricate tcubes in solid resin, where

mobility of the thin polymerized layers would benimal.

EHT = 5.00 kV Signal A = SE2 Date :7 Mar 2011
WD =11.4 mm Photo No. = 6968 Time :20:07:15
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Figure 5.22:SEM image of two 10m cubic microresonators elevated 18 off a glass
substrate. (depicted resonators are: 110227-3,dbridation parameters: 100 mM
Coumarin 481, 0.2 m step, 60x objective. f3=0.799 mW (z=45 (880x1024)),
Peolumi=0.799 mW (z=30 880x1024)) from batch 110227.

EHT = 5.00 kv Signal A = SE2 Date :7 Mar 2011
WD =114 mm Photo No. = 6962 Time :19:55:16
Figure 2.23: SEM image of a single 10m microresonator containing 100 mM

Coumarin 481, 0.2 m step, 60x objective. §g=0.799 mW (z=45 (880x1024)),
Peoumi=0.799 mW (z=30 880x1024)) from batch 110227. Nb& indentations on top

surface are SEM damage.
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EHT = 5.00 kv Signal A = SE2 Date :7 Mar 2011

WD =114 mm Photo No. = 6963 Time :19:55:55

Figure 5.24: SEM detail of support column and bulbous skirtbattom edge of 10m
microresonator containing 100 mM Coumarin 481, 0/ step, 60x objective.
Pop=0.799 mW (z=45 (880x1024)),cdm0.799 mW (z=30 880x1024)) from batch
110227.
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CHAPTER 6: SPECTROSCOPIC CHARACTERIZATION

The single most important test of a microresonatoto observe its resonant
modes via a modulated emission spectrum. This héeged by first exciting the gain
medium in the microresonator with an external higknsity light source (i.e. a laser) to
cause emission. The population inversion causesiktied emission, which in turn emits
a sharp spectrum which can be measured in theeldr Two approaches were taken to

measure the emission spectra of cubic microresmato

Intensity (a.u.)

A

Figure 6.1: Schematic representation of a microresonator withaetive gain
medium with an emission spectrum represented byGi#wssian curve. A high energy
excitation source, represented as a laser of wagtieexcite causes stimulated emission
of light with emit as the wavelength of maximum intensity. N®tibe overlapping
vertical lines representing cavity modes insidéhefemission spectrum.
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The laboratory of Joseph Zyss at ENS Cachan hasgiopsty successfully
measured emission spectra from a variety of 2D grésonators including squares,
hexagons, circles and stadiums. Their setup uile@anosecond 355 nm laser with 30
ps pulses at a 10 Hz repetition rate as the eiaitaiource. The mean laser power was
9.5 mW with a peak power of 32 MW [35]. The laseain is expanded to be many times
larger than the microresonator under observatidmre Ppower distribution inside the
excitation beam is Gaussian in nature; thus expgnthe beam flattens the power
distribution across the microresonator, which pnésethe preferential excitation of
resonant modes [4]. The microresonators are aligméke excitation laser using a field

microscope [36].

Field Microscope

Beam expanding

mirror ]
Excitation Beam Collection
Iens
F ber optic
D—l Spectrophotometer

I

sample

Figure 6.2: The spectroscopic characterization system at tres Zyb. The excitation
source is a 405 nm picosecond laser with a 30 fs=pudth. Emitted light is collected
from the structures via a collection lens fiberoled to a spectrophotometer.

To serve as a control and validate that the chemaation setup was correctly
functioning, the emission spectrum of an excited40%10 m Coumarin 481 doped

cube was collected. The spectrum shows a continuoos-modulated emission of

fluorescence over a wide range of wavelengths, 3#Dnm. The Zyss group has not
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indicated in published literature or private cop@sdence if collected emission spectra

are corrected for the system response function.

I LR WWWMM«
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Figure 6.3: Fluorescence collected by Zyss research group & Elchan from a
40x40x10 m block doped with 1200 mM Coumarin 481.

In comparison, seven spectra from a single dDmicroresonator were collected; these
spectra did demonstrate evidence of a sharply matetililemission spectrum. The best
collected spectrum is show in figure 6.4. Due te ldrge peak power of the excitation
laser, 32 MW, the magnitude of the collected spedecreased rapidly as the Coumarin

481 suffered photobleaching.
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Figure 6.4: Emission spectrum collected from a single h® microresonator doped with

100 mM Coumarin 481. The spectrum is overlaid \iligg emission spectrum of 100 mM
Coumarin 481 as measured in a thin film. Microregonexcited by 355 nm nanosecond
laser with 30 ps pulse width.

Table 6.1: Peak values, widths at half maximum, associatedl@es and modal spacing.

Peak (nm) Width at half max (nm) Q Modal Spacing (nm)
484.3 0.45 1100 2.21
486.509 0.39 1200 2.15
488.656 0.45 1100 2.30
490.951 0.45 1100 2.20
493.151 0.42 1200 2.05
495.2 0.51 1000 1.05
496.253 0.45 1100 5.75
502 0.42 1200 -
Mean 0.44 1100 2.53
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The collected spectrum has eight modal peaks witlean peak width of 0.44 nm
with a standard deviation of 0.02 nm. The mostriséemode is 493 nm. The mean width
peak is very consistent with the relatively largecrophotometer slit width. The mean
apparent Q of the modes is 1100. The slit widthtéchresolution, in turn, places a lower
boundary on the Q value, so that the mean Q ofbeées is at least 1145, but possibly
greater. In order to obtain higher resolution itl e necessary to amplify the emission
signal collected. The modal spacing between tisé $ix peaks is approximately 2.2 nm,
but the spacing between the last three peaks $sah@ 5.75 nm.

In the theory chapter of this thesis, it was hijpstzed that a cubic
microresonator could be modeled as a square of a@bje dimension. Based on this
hypothesis, the predicted FSR for a 10 um cube7isid. In the observed spectrum from
the cube, only the distance between the final tweeoved peaks is equal to this value.
The distance between the six four peaks is nealfythis value, which suggests that
existence of modes with a path length twice treatetled in the square. One possible path
could be a 4-node 3D orbit resembling the outlih¢he reception building of a 1960’s
Howard Johnson motel. However, the observed FSRI@so be the additive effect of
several different distinct orbits along their owlanes. More research both in the lab and
computationally will have to be done to better jicethodal spacing in a cube.

In order to overcome the limitations of the Zys$up, a second spectroscopic
characterization setup was developed within theyPexsearch group. The Perry lab
characterization setup is built of a similar ovedasign as that of the Zyss group, but is
designed with high resolution (<0.1 nm) and no&jeation in mind. The excitation laser

in the Perry setup is a continuous wave (CW) 405diode laser with a peak powe of 30
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mW. The laser beam is modulated by an optical caopgsulting in pulsed laser-like
behavior. The rotational frequency of the optidabmper is fed as reference signal to a
lock-in amplifier (Model 7265, Signal Recovery). ltombination of these devices

allows for significant improvement in the signatoise ratio (SNR).

Optical
Chopper
405 nm H N
J PMT
_L Triple Monochrometer
Sample
High Voltage Power }—
Reference Signal
Ehielzlpier Lock In Amplifier
Centroller

NI DAQ

Figure 6.5: Perry group spectroscopic characterization sdiupt to emphasize high
resolution and high sensitivity.

Emitted fluorescence was directed to a triple nobinometer (Triplemate, SPEX)
via a plano convex and convex lens collection seflipe first stage of the triple
monochrometer is two Czerny-Turner monochrometenspled to reject stray light.
Given the 600 gr/mm gratings installed in this stag is possible to examine a
bandwidth of up to 30 nm. Following the prefilténe focused fluorescence travels into
the final Czerny-Turner spectrograph and the flasoeace is focused on a 25 mm wide

1200 gr/mm grating with a spectral resolution ofta®.035 nm [37].
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The filtered light is collected by a photomultgalitube (PMT) (Hamamatsu R928,
Japan). A negative voltage of 500-800 V was apgieethe cathode of the PMT from a
high voltage power supply (Model PS325, StanfordeRech Systems, Inc). The analog
signal from the PMT was alternately monitored wiaoscilloscope (TDS 220, Tekronix)
or its signal feed into the lock in amplifier foyrehronization with the optical chopper
frequency.

Using the setup it was possible to get a strorgnasi from the emitted
fluorescence from a single 10m cubic microresonator. However, the detected
fluorescence, as seen on the oscilloscope, dichae¢ sharp changes in intensity, but
rather was uniform over the entire bandwidth of tigle monochrometer. This
observation led to the conclusion that while theameower of the CW 405 nm diode
laser and the picosecond 355 nm laser were the, shienW, the high peak energy of
the pulsed laser was required to cause populatmersion leading to stimulated
emission in the microresonator. Determining thecexeansition from spontaneous to
stimulated emission in the microresonator via aticapemission intensity as a function
of excitation power curve will be an important nesep.

The presence of an energetic threshold for pojpunlatversion is only one of the
defining three characteristics of a laser. The othw are the demonstration of spectral
line narrowing, which was observed in the emissipactra collected by the Zyss group,
and the emitted light from the device must be ceherThis last criterion was not
measured in this work, but could be measured imnréutwork by examining the

directionality of emission as a function of angiative to the microresonator. Given the
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evidence, it seems reasonable to state that th@msonator is demonstrating stimulated

emission.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

Conclusions
Cubic (10 m on a side) microresonators of Coumarin 481 ddpedlA were

created using MPL. An emissive dye, Coumarin 4813s wntegrated into the
microresonators at 100 mM concentrations sufficfentachieving lasing. The periodic
surface modulation of the microresonator side sedavas reduced by decreasing the z-
spacing between written planes of polymerized reBive roughness of the top surface,
arising from the raster scan process, was redu@dptimization of the raster line
density.

The collected emission spectra from the 1@ microresonators verified the
existence of sharp resonant peaks. These shanmpargspeaks were only observed when
the microresonators were excited with a high peales, 32 MW, and not at an
equivalent mean power, 9.5 mW, via a CW laser. flesence of this power dependence
for the observation of resonant modes strongly ssiggthat the device has an energetic
threshold for lasing and thus could be consideredaolaser if the emitted light from
the device is demonstrated to be coherent.

It was previously predicted that the 3D cube cdagdgeneralized as a set of 2D
square microresonators arranged at orthogonaltainsc However, the measured modal
spacing I ~ 2.5 nm) between the peaks is half of what wdodd expected in a
comparable 2D square microresonatadl (~ 5.7 nm). Additional experiments are
necessary to collect spectra from a range of cigas $0 provide data to create a model

to describe the modes in a cube.

Outlook
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There are many promising areas for future studidimg off of this thesis.

Fabrication

The immediate next steps in fully understanding rilationship between modal
spacing and cube dimension is to fabricate a sefieabes of varying edge lengths from
5, 10, 20 and 40 m. The expected result is strong inverse correlati@tween
microresonator size and modal spacing similar eopredicted behavior of a 2D square
microresonator. The proposed sizes, 40 to 5 umyihen the fabrication capabilities of
the Sutter-BioRad system utilized in this work.

Eventually it may become desirable to decreaseam@sonator size as small as 2

m edge length. There are many advantages to ogestialler microresonators. First, as
previously stated, there is an inverse relationgd@fween microresonator volume and
modal spacing. It follows that as the microresondtecomes sufficiently small it is
possible to create a single mode microlaser. Seeceddcing microresonator volume is a
convenient approach for increasing the densitynafrgy in the microresonator; this in
turn increases the quality factor, Q.

In order to make the transition to 2n cubic microresonators, an alternate
fabrication system with a higher degree of custainizy should be employed. The XPS
fabrication system in our lab is intended for higgeed writing with 40 nm precision
control over the exact position of the laser fogalime in the resin. With this system it
will be possible to create microresonators withetsions limited only by the laser voxel
size. Additionally, since the laser shutter canrafeat 10 Mhz, it will be possible to
rapidly create arrays of microresonators to stuatical coupling and other phenomena.

The fabricated microresonators, particularly tie In, had smooth irregular

features at the locations where writing of the subegan. This is likely due to the
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structural instability of single or small number$ polymerized planes during the
fabrication process. It is desirable to elimindte formation of these soft features to
reduce loss. An expedient method for reducing resaility during polymerization is

reduce the potential mobility of the resin duringlymerization by using a rigid blade
cast film of acrylate monomers in lieu of a liquesin. The blade cast films are similar in
composition to the liquid resin used in these expents except that the cast films
contain a polymer binder, Poly(styrene-co-acryialelt, and dioxane as a solvent. The

blade cast films also support the addition of aimssive dye.

Reuvisiting Coumarin 481

Experimental work has shown that Coumarin 481 dopeicroresonators
photobleach within the course of a single data ectibn period. The rate of
photobleaching can be slowed by reducing the pealwvep delivered to the
microresonator to be only slightly over the endmédsing threshold; the peak laser
power could not be controlled with a high degree fofesse with the Zyss
characterization setup, but control can be achielFadher consideration should be put

into finding an alternate more photostable dye.

Understanding Modal Structure

It is apparent that generalizing the 3D cube m&sonator as a series of square
planes with inscribed square modes fails to fulgatibe the modal structure of the cube.
One possible approach to modeling the modal strectfithe cube would be to develop a

simple code iterating a billiard ball bouncing andunside a cube. The code of course
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would have to consider the critical angle neces&aryotal internal reflection as well as
total loss regions where all incident rays wouldireguish. Such a code could be written
as follows. First, it can be recognized that dugh® symmetry of the cube, it is only
necessary to have initial conditions on one facthefcube; thus it becomes possible to
iterate initial conditions on one cube face ratiwn six. Second, as was observed while
investigating the inscribed square mode of the jube paths traced by angles close to
the angle of the resonant mode converged to thHdesfmth as the angle was slowly
iterated. The observation of convergence from hwthative and positive directions
suggests that a machine learning algorithm coutti waining locate the resonant paths
in a cubic microresonator. This process will likddg computationally intensive, but
could be accomplished more rapidly with parallelgassing.

There have been some symmetry based descriptiomeadl structure of square
microresonators as well as Finite Difference Tinwain (FDTD) simulations [12, 38].
There is also one published report modeling thetite field inside a 2um cubic
microresonator; however, this publication treated tube as a series of planes rather
than a continuous entity [39]. The only practicahsideration hindering modeling a
cubic microresonator with FDTD is computationalowses, which could be secured if

funding were available.

Near Field v. Far Field
The resonant modes observed in the far field cheniaation systems in both the
Zyss and Perry labs are lossy modes. The low laxtemare fully contained inside the

microresonator and only apparent from outside vieakv evanescent waves. The
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evanescent waves are only observable in the nelar fivithin /2 of the dye emission
spectrum. The primary tool for examining the neeldfis Near Field Scanning Optical
Microscopy (NSOM). NSOM is a thin (~100 nm) metabted fiber optic probe that is
scanned over the surface of a device at a distaineehin /2. The light collected by the
probe is processed to create an image of the esamiefield surrounding the device. This
techniqgue has two important limitations. First, ifosing the probe accurately is no
trivial matter on a 3D structure. Second, the plaeet of the probe in the near field of
the device locally disturbs the electric field ohsithe device. The latter can be overcome
in a 1-D waveguide by examining the input and outpignals in and without the
presence of the probe. However, implementing thethd, known as Transmission

NSOM (TNSOM) will be nontrivial for a 3D structuf40].
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APPENDIX A: MATLAB CODES
Rowofblocks.m

%rowofblocks.m

%creates a row of blocks with configurable z-spacin g, and regular x
positioning

%Created 2-2-11

clc
xspacing=80;
x0=0;
zspacing=[0.2]; %setting the length(zspacing)=1, creates only one b lock
y=0;
zinitial=0;
zheight=20;
zneg=-10;  %sign of this number is flipped in subsquent line; hence to
create a block from 10 to -5, zneg=-10
t=5000;
tpause=2000;
fid=fopen(  'bob.txt' W),
for k=0:length(zspacing)-1

x=k*xspacing+x0;

zspan=zneg:zspacing(k+1):zheight;

for j=1:length(zspan)

z=-zspan(j);
fprintf(fid, '%6.2f \t %6.2f \t %6.2f \t %6.1f \t 1 \n' X,
y.Z,t);
fprintf(fid, '%6.2f \t %6.2f \t %6.2f \t %6.1f \t 0 \n' X,
y,z,tpause);
end
end

Resonant2.m

%Resonant2.m
%Examines the problem of resonance only at integer multiples of the
%pathlength in a 2D Square. This script improves on the existing
Resonantmodel.m
%Created by Eric Mansfield
%Created on 12/7/10
clear
clc
siderange=[5 10 20 40 60 80 100];
n=1.45;
m=1:1:2000;
lambdadata=[];
modalspacing=[];
for j=1:length(siderange)
side=siderange());
diagonal=(side/2)*sqrt(2);
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pathlength=(4*diagonal);
resonantmodes=[];

for k=1:length(m)
lambda=n.*pathlength./k;
lambdadata(j,k)=lambda;

if k>=2
modalspacing(j,k-1)=abs(lambdadata(j,k)- lambdadata(j,k-1));
else
end
end
end
plot(lambdadata,m, 's'
axis([0.1 1 0 m(end)])
ylabel( 'Integer multiple m' )
xlabel( 'Wavelength (um)' )
figure(2)

lambdadata=lambdadata.*1000;
modalspacing=modalspacing.*1000;

% lambdadata(2:end,:)=lambdadata(2:end,:)*1000;
plot(lambdadata(1,2:end),modalspacing(1,:),

Ispacing(2,:), S

s' ,lambdadata(2,2:end),moda

Jlambdadata(3,2:end),modalspacing(3,:),

cing(4,:), s ..

s' ,lambdadata(4,2:end),modalspa

lambdadata(5,2:end),modalspacing(5,:), 's' lambdadata(6,2:end),modalspac
ing(6,:), 's' ,lambdadata(7,2:end),modalspacing(7,:), 's' )

legend( '5umside’ ,'l0umside’ , '20um side' ,'40um side'’ , '60um side' , '‘80um
side' , '100um side' ,2)

axis([200 1000 0 10])

ylabel( 'Modal Spacing (nm)' )

xlabel( 'Wavelength (nm)' )

titte(  'Modal Spacing as a function of edge length' )

SquarePlanarRayTrace.m

%SquarePlanarRayTrace.m

%Eric Mansfield

%Created 5-24-10

%Changes coordinates to all be relative, so ray is a function of x,y,
and

%theta.

%Traces rays inside a square

%BEST COPY

clear

clc

%Inputs

nl=1;

n2=1.492;  %For continuous PMMA
Thetao=89; %Theta Incident on outer surface
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L1=10; %Length of polygon side 1

L2=10; %length of polygon side 2
f=.5;  %Fraction of L1 measured from bottom, representing
ray.

Thetacrit=real(asin(n1/n2));

InDeg=Thetacrit*180/pi;

rayhealth=1; %Binary value coding for ray existence
i=1;  %inital counter

%Finding Theta(i) with Snell's Law (Theta is hencef
Theta(i)=46*pi/180; %asin(n1*sind(Thetao)/n2);
rayX(i)=0;

rayY(i)=f*L1,

perpx=[J;

bounceplane=[];

while (rayhealth==1) & (i<=20)
i=i+1;
Theta(i)=-Theta(i-1);
planel=tan(Theta(i-1))*(-rayX(i-1))+rayY(i-1);
planell=-rayY(i-1)/tan(Theta(i-1))+rayX(i-1);
planelll=tan(Theta(i-1))*(L2-rayX(i-1))+rayY (i-
planelV=(L1-rayY(i-1))/tan(Theta(i-1))+rayX(i-1

if ((planel~=rayY(i-1)) & (planel<=L1) & (planel>=eps
rayY(i)=planel;

rayX(i)=0;

bounceplane=1;

elseif  ((planell~=rayX(i-1)) & (planell<=L2) & (planell>=
rayX(i)=planell;

rayY (i)=0;

bounceplane=2;

elseif  ((planelll~=rayY(i-1)) & (planelll<=L1) & (planell
rayY(i)=planelll;

rayX(i)=L2;

bounceplane=3;

elseif
rayX(i)=planelV;
rayY(i)=L1;
bounceplane=4;

else  %Corners

display( ‘Corner' )
rayhealth=0;
bounceplane=5;

end

%Does complete loss occur?
if ((bounceplane==1) || (bounceplane==3))
if (abs(Theta(i))) <= Thetacrit
display( ‘Total Loss' )
rayhealth=0;
elseif  (abs(Theta(i))) > Thetacrit
rayhealth=1;
else
end

elseif  ((bounceplane==2) || (bounceplane==4))
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orth in Radians)

Y%rayY (i)
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1); %rayY(i)

), YerayX(i)

)

eps))

I>=eps))

eps))



if (pi/2-abs(Theta(i))) <= Thetacrit
display( ‘Total Loss' )
rayhealth=0;
elseif  (pi/2-abs(Theta(i))) > Thetacrit
rayhealth=1;
else
end
else
display( '‘Complete Loss in corner' )
rayhealth=0;
end
end

plot(rayX,rayY)

axis([0 L1 0 L2])

axis square

xlabel( 'Dimensionless Length’ )
ylabel( 'Dimensionless Height' )

ModalSpacing.m

%ModalSpacing in a 1-D Resonator
%Examines the problem of resonance only at integer multiples of the
%pathlength. This script improves on the existing R esonantmodel.m
%Created by Eric Mansfield
%Created on 4/20/11
clear
clc
siderange=[15 25 30 50 70 90 110] %[5 10 20 40 60 80 100];
n=1.45;
m=1:1:2000;
lambdadata=[];
modalspacing=[];
for j=1:length(siderange)
side=siderange());
pathlength=(2*side); %side is length
resonantmodes=[];

for k=1:length(m)
lambda=n.*pathlength./k;
lambdadata(j,k)=lambda;
if k>=2
modalspacing(j,k-1)=abs(lambdadata(j,k)- lambdadata(j,k-1));
else
end
end
end
% plot(lambdadata,m,'s")
% axis([0.1 1 0 m(end)])
% ylabel('Integer multiple m")
% xlabel("Wavelength (um)")
% figure(2)
lambdadata=lambdadata.*1000;
modalspacing=modalspacing.*1000;
% lambdadata(2:end,:)=lambdadata(2:end,:)*1000;
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plot(lambdadata(1,2:end),modalspacing(1,:), s' lambdadata(2,2:end),moda

Ispacing(2,:), S

Jlambdadata(3,2:end),modalspacing(3,:), s' ,lambdadata(4,2:end),modalspa

cing(4,:), s ..

lambdadata(5,2:end),modalspacing(5,:), 's' lambdadata(6,2:end),modalspac
ing(6,:), 's' ,lambdadata(7,2:end),modalspacing(7,:), 's' )

legend( '5um length' , "10um length’ , '20um length’ , '"40um length’ , '60um
length' , '80um length' , '100um length' ,2)

axis([200 1000 0 20])

ylabel(  'Modal Spacing (nm)’ )

xlabel( 'Wavelength (nm)' )

titte(  'Modal Spacing as a function of 1-D cavity length’ )
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