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ABSTRACT

CHALCOGENIDE MICRO AND NANOSTRUCTURES

AND APPLICATIONS

Ozan Akt ak
PhD. in Physics
SupervisorProf. Dr. MehmeBayade
August, 2014

Chalcogenides, which are glasses consist of S, Se and Te elements, are promising
materals for photonics as silicon fanodern electraias, due to their extraordinary
materialpropertiesuch as high nonlinearity and wided-IR transparencyHowever,
the biggest barrier before their full extend technological exploitation idittheulty
in utilization of thesainique materiapropertieswvithin photonic devices with varus
forms of desired geometries includimgnowires microspheresandmicrodisks as
necessitated by unique opticah@iionalities for specific applicationsome of which
areoptical microresonatorspodulators and photodetection deviee

In this study, the auth@axplore new routes for the fabrication of-cimp photonic
elements with chalcogenides and consider a low costyméth production method
with a compatible and extendable integration phase. The study illustrates production
of chalcogenide optical cavities embedded in a polymer fibechgnintegration of
the @avities having spherical, spheroidal, and ellipsoidal boundaries, and results of
their optical characterizationBesideghefabrication of active photonic devices with
electrooptical capabilities tapered chalcogenide fiberare also considered as
evanacent couplesfor the resonators of high index materials.

In addition a large area chalcogenide nanowire basteatodetection devices
demonstrated including fabricatioh photoconductive pixels, design of an electronic
readout circuit, development afcustom software for a pattern detection application.

Keywords Chalcogenideglassesnanowiresppticalmicroresonatorsgsymmetric
resonant cavitiesglectrooptical Kerr effect, modulators,whispering gallery mode

resorators, photonics, fiber drawing



OZET

KALKOJEN MKNARQYAMIEAR

VE UYGULAMALARI
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S, Se ve Te el emgaral ééj @i o a tkdlkbjenkra mi o0 d a
yé¢ ksek doj rkuesraéll noalv mangda meilnke rdarrtug ggi eb-ii rsgéernal
deké mal z e segesifdgs#ikorium rkddem ekktroniktecoynadéj é r ol
fotonik icin gelecek vadeden malzemelerdiakati | e r i teknol oji k Kkt
onundeki en buyuk engebu malzemetzelliklerininf ot oni k avyoglet | ar d;
mikrokire veyamikrodisk gibi 6zel uygulamalar icie Kk si z opti k i K| e\
ger ekt bigmierd¢ ikul | anél mas énda0ptk rezooatdtley k|1 ar d
mod¢l at®°rl er ve ékék algélama aygétl are |

Bu -al ekxmada, yazar kal kojen tabanl é b
konusunda yeni yol |l ar arayéeékéendadér ve |
geni kKl et i bebinl ekxkme akamal aré ol an dg¢Ky¢gk
y°ntemini e ICa | eéaxkatkmgek togild Kavitelerinbir polimer fiber
i -erisinde isretimlerinden devr e czerine
b¢tenlexktiritlickesPael lviekl @mpi n dejerl endir
gostermektedirElektro-optiksel ozellikleriolamlm k't i f f ot oni k Bl eman|
yanénda bir de y¢ksek &rélk!l arail nk mie lscae/letl iél
kalkojen fibeterin Gretiimesinie | e al .makt adér

Bunlara il aveten, geni kK alanl é& kal koj en
gbst er i mi yapeéel moertoéd et Re ng 4sfapdkhsgomay h ¢ cr e
okuyucu el ektroni k devre tasaréméemgeéelveth

Ozelamay aeél émé i-ermektedir.
Anahtar kelimelerK al koj en camlar, nanotell er, opt
elektroopt i k et ki , mod¢l at°rl er, feéseéeldayan
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resulting fiber is transferred manually onto a substrate spin coated with P{RAE}
polymer and then heated to promote adireap to a temperature of 210 °C, which is
below theTg of PES cladding; however, above thgof both AsSe; core and P(VDF
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also flushed away spontaneously by the dissolution process. Optical micrographs show
(b) top, side and bottom views of the fiber after sandpapering one of its sides, (c) on
chip spherical chalcogenide microresonator array, (d) spherical ssorwtors
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the alignment of characteristic features (like equator plane), eccentricity, smoothness,
and cleanliness of the resonator surfaces. (a) Top and profile SEM micrographs of
spherical AsSe; microresonatoarray and a single microsphere. Average diameter of
spheresislae= 124. 4 em with standard deviati on
in the profile of the resonator, transfer and integration of the microsphere is
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microspheroid, and (c) an ellipsoidal 28& microresonator array and a single
MICIOEIIPSOId.....ccci i e e enemrnne e ] O

Figure 6.12: Characterization of microresonator material compositmergy
dispersive Xray spectroscopy (EDX) results obtained fromaobip microsphere
resonators which were extracted out of their PES polymer encapsulation using DCM.
EDX is attached to FEI Quanta 200 FEG SEM system. Peaks represent consistence of
the atomic rab of ASe. Besides, there was no impurity or residual polymer
observed on the surface of microspheres after the dissolution pracess......... 80

Figure 6.13: AFM surface characterization of an ellipsoidal microresonator on (500

nmx500 nm) top polar region shows sula nomet er rms surface r
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Figure 6.14: Optical characterizations of erhip spherical and spheroidal
chalcogenide microresonators. (a) Transmission spectra of z8eAnicrosphere
resonator of 50 em i n resonanceentodes can b€ asthigh i n g
as 10 dB. FSR is 6.39 nm. (b) Lorentzian fit to a resonance dip at 1551.858 nm shows
that the FWHM and loaded quality factQr of the resonance mode are 4.9 pm and

3.1 x 10, respectively. Inset shows evanescent coupling of light into the microsphere
resonator using a tapered silica fiber with a-subrometer waist diameter. (c)
Transmission spectra of an AsSmi cr ospheroi d resonator 0
diameter. FSR is 82 nm. (d) Lorentzian fit to a resonance dip at 1571.589 nm shows

that FWHM and loaded quality fact@i of resonance mode are 7.2 pm and 2.2% 10
respectively. Inset shows evanescent coupling of light into the microspheroid resonator
using a tapered S fiDEr ... 81

Figure 6.15: Schematic of the tapered fiber coupling to WGMs aihgm spherical

CAVILY FESONALONS. ...eeiiiieeeeeeeiee i meee e e e e et enens bbb e e e e e et e e e e e e eeemeeees 81

Figure 6.16:The resonance dips in the spectra obS%& microresonators were
observed to reghift with increasing incident powers for both directions of wavelength
scans. Although an ushifted resonance dip (red), which was captured using very low
optical powers with 300 pm scan range and 1 Hnssan speedhas a regular
Lorentzian shape, reshifted versions of the resonance mode (blue, black) have
characteristic 0s har28e hésirelabvelys High pbsaptidn 8 6 ] S
coefficients as compared to silica in this scan rangeshédts of modesra expected,

due to the heating of the resonator via absorption of the coupled light resulting in a
thermal change of the refractive index and thermal expansion of resonator diameter.
Reduction in the coupling strength is another manifestation of theptim effect,

caused by insufficient scan speed at some power levels for which wavelength shift can

be more than line width of the resonance mode at some point during wavelength
SCANNING [99] oo aeer e 82

Figure 6.17: Optical properties of a commercias®es glass [100] are given in terms

of (a) refractive indenand absorption U as function
U = 1a 850mm. (b) Absorption limited quality fact@ans can be calculated

from (n, U data, ad A A O¢* &_|. Qansfor As;Sesis found to be 7.2xff or o =
1550 nm anah = 2.83, which is an upper bound for intrin§)efactorsin the case of
ultra=smooth and clean resonator surface. Although,@e has relatively high

absorption compared to silica restricting its use as nonlinear optical material, it is a
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very promising material for microresonators in ARl applications, due to low
absorption and high KENONIN@ANTY.........coooiiiiiiiiiiiiie e 84

Figure 6.18: This snapshot of a movie recorded by a thermal camera, shows optical
coupling to an ellipsoidal mrocavity using a silica tapered fiber approaching from
the bottom. Bright spot on the left in the middle is an ambient scattered light reflected
from the surface, which is irrelevant to optical coupling with the tapered fibe86

Figure 7.1: (a) A two dimensional axisymmetric simulation based on FEM is used to
analyze WGMs in an electaptic chalcogenide disk cavity, which is dspe trimmed

at both polar regions. (b) Different sizes for mesh elements are used in the simulation.
The densest mesh is where WGMs are located, i.e., around equatorial .regi@®

Figure 7.2: The result of the COMSOL simulation shows a fundamental WGM in an
electreoptic disk cavity resonator under an applied voltage. First electric field
distribution is found, which is caused by the potential difference between the gold
electrode aithe top and the infinite plane gold electrode at the bottom of the cavity.
The electric field modifies the refractive index of the cavity due to elegitic Kerr

effect. Therefore, Maxwell Equations were solved by using refractive imdgy) as

a function of external electric field..............oooveriiiiiicrc e 89
Figure 7.3: Figure shows WGMs of different mode ordgf,(-m) for (a) TE and (b)
TM polarizations inside the disk cavity under an applied electric field............ 91

Figure 7.4: (a) Distribution of electric field vectors betnwegold electrodes and a
fundamental WGM exposed to different refractive indices for TE and TM modes
whose electric fields are parallel and perpendicular to the cavity surface, respectively.
(b) An isotropic disk cavity under an electric field behavearaanisotropic uniaxial
crystal of extraordinarg =~ and ordinarg U refractive indices.......................... 92

Figure 7.5: Distribution of extraordinary refractive index cha’ges at an external

AV Z0] 1 ¢= Vo T= TN ) 5 010 PSP 92

Figure 7.6: Results of COMSOL simulation show that the relative resonance
wavelength shifts have different quadratic dependence on the applied DC voltage for
TE and TM polarizatios. As voltage increases, WGMs split due to their different
spatial mode distributions and asymmetry of the electric field inside the cavi®a

Figure 7.7: Fabrication and integration steps of an el@gitic photonic device based

on chalcogenide WGM disk cavity. Process starts with a chalcogenide core polymer
cladding fiber and ends with an electptic photonic device consists WGM disk

cavity resonator between two integrated electrodes.............ccevvvicccviiinieeennnns 95
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Figure 7.8: Optical microscope images of the disk cavitiesefay® and (b) after PES
polymer encapsulation is removed by DCM. (c) Clapemage of a single cavity from

Figure 7.9: (a) SEM micrographs of (a) a disk cavity resonator array and (b) a single
disk cavity from tOp and SIAE VIEWS.........eueiiiiiiiiiiiiiieeeeeieeeeeeee e 96

Figure 7.10: Fabrication and integration process of chalcogenide disk cavities on a
gold coated substrate. (a) Process starts with a fiber encapsulating sphiere ¢a)

Lower side of the fiber is removed by a sandpapering process and then (c) attached
onto a gold coated substrate by heating and pressing at a temperature of 260 °C in a
hot oven. (d) Second sandpapering operation on the upper surface of gnateote

fiber. () 5 nm Cr and 15 nm gold sputtering on the upper surface of the integrated
fiber for lift-Off PrOCESS........uveciiie et a7

Figure 711: Optical microscope images show a metal coated fiber encapsulating disk
cavities (a) before and (b) after the dissolution of polymer by organic solvents resulting
into an unsuccessful lift Of ProCeSsS..........oooviiiiiiiiiir e 98

Figure 7.12: (a) Optical microscope image shows surface of a fiber with embedded
disk cavities after the |Hoff process. Sequential images show a top surface of a disk
cavity after (b) Q plasma etch, (c) gold metal sputtering and (d)diftprocess by
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Figure 7.13: SEM micrographs of a diskvity with a gold coating on the top surface

Figure 8.1: (a) Custom made electribekter with side opening for entrance and exit
of the fiber, and observation during tapering process. (b) Set up used for tapering

chalcogenides. (c) Closg picture of tapered chalcogenide core PES cladding fiber.

Figure 8.2: Formation of cylindrical chunks of matter inside the tapered region due to
low temperature and tensile stress caused by tapering........ccccccvvvreeeeennennn. 102

Figure 8.3: (a) Tapering of Step 1 chalcogenide fiber with thermoplastic polymer
having one side contact with inner surface of heater, result®ohtgpering, but only

for one side. (b) Tapering of a single core chalcogenide fiber (Step 2) with a thicker
cladding and a free standing chalcogenide wire after removal of PES encapsulation by
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Figure 8.4: (a) Chalcogenide microwires can be easily directly drawn from bulk glass
inside an oven at 260 °C being attached to a tip of cleaved silica fiber. (b) Tip of
tapered wires is of order of 1 mMiCroN............ccooovviiiiiieee e 103

Figure 8.5: Production of microwires on the tip of a tapered silica fiber by direct
drawing from bulk glass with steps of (a) approach and (b) retraction. (c) Chalcogenide
tapered wire on the tip of a silica fiber tip shows super elastic properties....104

Figure 8.6: Schematic of tapering chalcogenide fibers between silica tapered fiber tips
with five basic steps: 1. Tapering and cleaving silica fiber, 2. Attaching some amount
of chalcogenide glass on the cleaved tipgde heater one by one, 3. Alignment of
silica fibers inside the electrical heater, 4. Moving silica fiber closer and merging
chalcogenide glasses between two fiber tips. 5. Tapering suspended material by
drawing silica flbers away.............oooovvviiiiiiccce e 105

Figure 8.7: Cleaving tapered silica fibers. (a) Side view and (b) down view of cleaving
process with a sharp blade. Scoring surface of fiber isggntmucleave tapered fibers
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Figure 8.8: Cleaved tips of (a) tapered and (b) normal fiber before attaclumne
Chalcogenide gIaSS........coviiiiiiiiiii s 106

Figure 8.9: Two different ways of attaching chalcogenide glass on silica fiber tips can
be realizedh) in temperature controlled oven or b) inside the electrical heater, which
is advantageous since there is no need to move tapered silica fibers already connected
to laser source and power meter at the silica fiber tapering process........... 107

Figure 8.10: (a) Evolution of chalcogenide tapering process starts with two silica fibers
with some chalcogenide glass on them and results intoethpdalcogenide fiber
between two silica tips being apart. (b) Optical microscope image of intentionally
broken tapered chalcogenide fiber spliced to a silica tapered.fiber.............. 108

Figure 8.11: Steps of tapering chalcogenide between cleaved silica fiber tips. (a)
Tapering and cleaving silica fibers. (b) Attaching chalcogenide glass by inserting silica
tips into bulk chalcogenide glags) Alignment of silica fiber tips inside the electrical
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Figure 8.12: Transmission spectra of tapered silica fiber befeituicleaving (upper
line) and of chalcogenide tapered fiber suspended betweetapered silica fibers
(lower line). Large dips of transmission signal is caused by the interference of beating
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Chapter 1

Introduction

1.1. The Promise of Chalcogenides

Silicon is the workhorse of the electronics industry which haweazingly
transformedhe life we livein. Thanks to this special materigdday our global world
is more connectethan ever after the advent of the internet, pketines, and relevant
electronic applicationsHowever, ever increasing needs to store, manipulate and
transfer enormous amount déily produceddatg demands nevgolutionsthat can
overcome thdundamentalimitations ofsilicon andelectronics Solutions generally
requirea paradigm shift in the selection of raaalsand methodologiefor handling
information Theoretically, balcogenids are promising materials possessing the
potential to fulfill all the needs and requirementhie to tleir unique material
properties, and photonics with integrated chalcogenide elements capable of electro
optical and alloptical effectsat samdimeis expected to transforthefuturethe way
electronicdid.

Chalcogenides, which are amorphous semiconductors containing chalcogen
elements of Se, S, and Tkaw alreadybeen exploitedn various applications
including solar cell§1], sensorg2], electronicq3], and photonic$4]. Optical data
storageébased on chalcogenidésve been very beneficia memory applicationf],
andrecently,chalcogenidgphase change memory technol¢6j/have ben attacted
huge interestor the fabrication of thedeal memory of the future, which istnafast,
nonvolatile, scalable, low cost, and vasy low power operatioand longlife cycle

Inherent high bandwidth of the light is the key factor enabling tranéfdataat

high ratesas utilizedin optical communicationshowever light signal nesdo be



modulated to carry meaningful informatioRhotonicintegrated circuit{PIC) can

modulate light atlata rates well beyond the capability of electronics (> 1) Tsisg

all optical meang7, 8] which can benefifrom optical propertiesof chalcogenides
such asultra-fast high Kerr nonlinearity low two photon absorptioand wide IR

transparency[9]. Combining alloptical and electroptical propertis in resonant
cavities can be theltimate solution for ever increasing needs of communicasiod
interfacing withelectronics can be obtained without causing any bottlenecks.

In addition, chalcogenides have been used as host media for laser applgiatens
they have low phonon energy and can be doped by rare earth elgigmit®nlinear
optical applicatios have also exploied chalcogenidesin applications such as
generatiorof supercontinuunill] and Raman lasingd.2].

Developing ®w methods for material synthesis aagrfessing this special material
propertiesin the form of specii geometries such as nanowisgesd microwiresfor
fabrication of phase change memoriasd photodetectors, andicrosphere and
microdisks for photonic applicationsare the current field ofintenseresearch still
waiting some answsr for the problems hindering ultimateutilizations of
chalcogenides

This thesis is devoted to developinggw strategies and concepenabling
chalcogenidesotbe utilized in novel photonapplications. Starting witbhalcogenide
fiber drawing for the production of mand nancstructureswe usedchalcogenide
fibers as a versatile media to proddgectionalstructuresn different formsncluding
wires, spherespheroids, ellipsoidslisksand tapers for photonic applications

Chalcogenide nanowires were produced by a new fabricatetmod we recently
reported. Integrationf seleniumfibers on a very &rge scaleelectrical circuits was
achieved and nanowire based photodetection devicgas demonstrate@s an
application

Chalcogenide resonators have been drawn an increasing interesintorear
optical applications. However, duality between production and integrptiaseof
these resonators have been hold baekapplications so far. Whatsolved inthis
thesis is finding a wa out of this dilemma, hence pavirtge way for a myad
applications for photonic€halcogenides have been generally usethfar all optical
propertiesin photonic applicationsbut their quadraticlectro-opticd properties is
somehow gnoredup to now. Therefore, walso focus on building electroptical

resonator based chalcogenide photonic devices in this thesis.



There have been an@mous need for high index evanescemtiplersto couple
light efficiently into high indexmaterialresonatorsAlthough recent studidsave made
some progress for theldacation of tapers from high index fibers, still some problems
are waiting to be addressed such as splicing to silica fibers or meshastabilities.
We believe that we havesolvel all thesassues after developing an approach for the
fabrication ad interfacingof thechalcogenide fibers.

1.2. ThesisOutline

The contents of this thesis are organized in a historical sequence, which was
followed by the author during lifetime dhis research adventure. Conterts
individual chapters are given and anylabbration with othemembersof Bay é d é r
Group is stated explicitly.

Chapter 2is an introductory chapter giving infoation about chalcogeniddssic
methodology used ithe material synthesisfundamentals of fiber drawing, and
importance of iterativeize reduction technique as a new nanotechnologydothe
fabrication of nano and microstructures

Chapter 3 demonstratedesign and application ofdevice, which is the first of its
kind, a large are nanowire based photodetection circuitry. Produofiselenium
fibersusing iterative size reduction technigjeee r € done by and®h me't
Mecit Yaman Integration of nanowires amaptical characterizationwere done in
collaboratiorwith Erol Ozgiir

Chapter 4 gives a theoretical background fowWhispering Gallery Modes
resonatcs. Simulations results illustrate WGMs in sphere microcavities.

Chapter 5 gives theoretical background favanescentcoupling to optical
resonators, and information about fabrication of tapered fiber couplers. Experimental
setup used for optical measurements are also presented to give a complete picture for
optical coupling and chiacterization of the resonatdseforethe subject isnentioned
in relevant chapters.

Chapter 6 explains a new methatkvelopedor the productiorand integration of
chalcogenides cavitse which is expected to give a momentum in this field. Optical,
material and surface characterizations of the yred cavities are also considered
COMSOL simulations of iAfiber microsphere formation based on PlatBayleigh

instability weredone in collaboration with Dr. Osama Tobail.



Chapter 7 shows a new direction for the production of active chalcogenide cavities
with emphasis on their electapticalcapabilitiesA FEM based simulatioof WGMs
in an electreoptic cavity is illustratedand production stegiewards realization of en
chip active chalcogenide disk cavitiese discussed with ups and downs of
experimental approach.

Chapter 8 discusseshreedifferent approaches for the tapering of chalcogenides,
and finally representan ideal solution to the problemwhich is of paramount
importance fothe achievement of efficienpticalcoupling into cavitiesf high index
material

Chapter 9 summaries what have been done through the thesisgives a quick
glimpse for future directions.

Appendix A gives MATLAB codes used for some calculations and simulations

used in Chapter 4 and Chapter 5



Chapter 2

Fiber Drawing As a Method for
Fabricating Chalcogenide Nano and

Microstructures

2.1.ChalcogenideGlasses

Chalcogenide glassé€hGs)are important amorphous semiconductors containing
at least one of chalcogeements(sulphur, selenium and telluriunfrom group 6A
of periodictable which are covalently bonded to glass formers such as As, Ge, Ga,
and P Due tothelarge composition spa@mabling optimizatiolof material properties
asdemanded bgpecific applicationschalcogenide have been utilizeaioroad range
of technobgy and research aresisch as photonidg], phase change memdgj and
sensos[2].

ChGshave low phonon energies due to tlevalentlybondedheavy atomswvith
low vibrational energies, making them good hosts for rare earth dopants $udH as
and Er¥* [10]. Therefore, they havewer softening temperatures and hardness, and
higher thermal expansion coefficierjfis3]. However,their long wavelength ctdff
lies in the midIR region[14], making their transparency in the range of205um as
shown inFigure2.1. In addition, they have higrefractive indces(n = 2.2-3.4) and
nonlinear refractive indicess; two or threeorders of magnitude higher than that of
silica. Superior optical and material properties of chalcogenides haveekesasively
usedfor ultrafast alloptical applicationgl5, 16]in fiber form[17] or as integrated

waveguides in photonic circuif$8].
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Figure2.1: Infrared transmission spectra for various matemalkiding ChGg14].

Chalcogenidglassesan be deposited on substrgted] by thermal evaporation,
sputtering or wet spin deposition in order to make waveguaddgesonators, which
are buildingblocks of photonics circuits. However, all these methods require post
process anneal to obtain bulk glass like progerdue to the changes in material
stoichiometry duringhe processMore recently ultrefast pulse laer deposition has
been reportetb circumvent these problerf20].

Fiber drawing ofchalcayenideswith othe materials is also possiblRl] by
harnessinghe rheological properties of these materials such as themethanical
compatibility with high temperaturengineeredpolymers and their resistance to
crystallization Chalcayenide fibers have bearsedin a myriadapplications[14] ,
which are nonlinear fiber optic amplifiers, laser power deliveciemical sensing,
imaging,etc.Recently fiber drawinghasdraw at t ent i on @&tacdkand xpl o1
drawo f ashi on-sttudured chalabgegide glassley fibers [22], and
chalcogenide micro and nanowirg3]. Fiber drawing as a method for fabricating
chalcogenide nano and mistaucturesfor photonics,phase change memorgnd

sensorwill be an indispensable tool for science and technoioglye future



2.2.Glass Synthesis

Chalcogenide glasses/nthesizedn this thesisare Se, AsSe; and AsSs.
Sdenium is used due to its photocomctive propertyfor the fabrication of a
photodetection device based on nanowiresSAsand AsSz areused inoptics and
photonicsdue to their superior optat properties such as high nonlinearity, wide IR
transparency, and etEor all materials, starting form is a rod of chalcogenide glass
which is used as a preform for thermal fiber drayv Glass synthesisteps are given
basicallyfor As;Se.

The amorphous ASe; rod used in fiber drawing iprepared from high purity
As andSe elements (Sigma Aldrich) using seatédpule mekguenching technique
[24]. Theglove box storedseeFigure2.2(a)) pure elements of materiads (wt% 40)
and Se (wt% 60) anglaced into a quartz tube under nitrogen atmosphere. In order to
removesurface oxiles and impurities, the tubehsated above 300 °C under vacuum
condition(seeFigure2.2(b)). After the tubes cooleddown to room tempeture, it &
sealed under ~1I0Torr vacuum.The sebed tube isplaced in a rocking ove(see
Figure2.2(c)) and heated up to 800 °C at a rate of 29(@:*. After the oven iseld at
this temperature at vecal position for 24 hours, isirocked at least for 6 hours to
increase homogeneit$fubsequelhy, oven s cooled dowrto 600°C and the tube is
quenched in water to form ASe; intermetallic glass rod withO cm length and 6 mm

diameter.

Figure2.2: Chalcogenide glass synthed®ocess consists of three st¢asmaterial
selection(b) material purification and sealin@,) rocking and homogenization.



2.3.Thermal Fiber Drawing

Fiber drawing process has two stages: fabrication of the initial preform structure
and production of fiber by thermal drawing of the preform undegth stres and
temperature. As shown Figure2.3(a), apreform structure with 6 mm codéameter
and 30 mm claddingliameter, which isactuallyan exactmacroscopic copy of the
fiber, is prepared by rolling 100 um thigbolyethersulfong PES)films around an
As;Se; rod. Before condmation process, the preforns iheld under 2x18 Torr
vacuum at 180 °C for 4 hoursander to evacuate trapped air between polymears.
Then, rolled films areonsolidated in a vacuum oven at 252 °C for 30 minutes under
2x102 Torr vacuumFiber drawing process iexecuted in a custom made fiber tower
which consists of a preform feedimgechanism, preform position alignment stage,
furnace, optical thickness measurement system, tension measurement and a capstan.
SeeFigure2.3(b) for actual setupApproximately 3 MPa tensile stressapplied to
the preform during heating of the preform up to 300 °C above glass transition
temperature of ASSe; and PESPicture of the produced ASe; core PES cladding
fibersare giverin Figure2.3(c). Volumereduction of the preforrdetermineshe final

diameter of fiber, and is controlled by the tenfilce and the furnace temperature.

a

Downfeed

Holder
with X-Y stage

Macroscopic rod

Furnace

Thickness
measurement

Tension
measurement

Capstan

Figure2.3: (a) Optical picture of a preform before and after thermal draimd-iber
tapering tower and basic componer(ts. Chalcogenidecore PES claddingdibers
producedoby thermal drawing.



2.4.Iterative Size Reduction Technique

We recentlyreported a new tefo-bottom nanotechnology fabrication method
called iterative size reduction (ISR) meth{B] to obtain polymer encapsulated
globally oriented ultrdong micro and nanowires made of various male ranging
from polymersand semiconductorgdo metals with improved piezoelectricphase
change, and photoconductive material propertreshis study, selenium nanowires,
which are used as photoconductive elements in the pixel formation of a pkotmhet
device[25] (see Chapter 3are produced using ISR technig&er the production of
As;Se; single corepolymer claddindibers of different diameters and ceskadding
ratios only first two steps of ISR technique af@lowed with single fiber in every
step Pcstfabrication thermal treatemts to chalcogenide fibers acenducted to
obtain different morphologies from single core micro fiqé6 27}

ISR technique is basically stacking and redrawwfgproduced fibers in each
successive steps as shown schematicallyigure 2.4. Nanowire array production
from a macrecopic rod by terative thermal size reducticstarts withStep 1: A
macroscopic cylindrical rod (diameter 10 mm, length 200 nsnfiabricated from a
chalcogenide materighat isto be transformed intaicro and nanstructures. A
thermoemechanically siiable polymer sheet (PB tightly rolledaround the rodntil
the final diametels 30 mm. The multimaterial structusethen thermally consolidated
under vacum above the glass transition temperasuoéboth materials in order to
fuse the polymesheés and the chalcogenided to obtaina preform Finally the
preform is drawn ito a fiberto obtain hundreds of meters blymer encapsulated
chalcogenidenicrowires Step 2: After stackingreviouslyproducedibersof desired
number, diameter arlength a polymer cladding is rolled aroutitke stacked fibers,
and consolidatedSecond stedrawing results irsubmicron wire aays in apolymer
fiber. Step 3: The same proceduaisfollowed in the secondt8p is applied again one
more timeto obtain herarchicdly positioned array®f smallerdiameternanowires

Chalcogenide nanowires produced by ISR mettadbe seen iRigure2.5.
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Figure2.4: Steps of iterative size reduction technique resulting omi dimensional
micro and nangtructures encapsulated apolymer jacket.

250 nm

Figure 2.5: (a) A chalcogenidesemiconductorod is reduced to (b, djundreds of
meters of single 200 prdiameterwire, (d, €) 30 wires of 5 um diameter and (f, g)
1.000 wires of 250 nndiameter Nanowires are extracted from polymer matrix by
dissolving the polymer encapsulation in organic solvents, retaining their global
alignment.Inset: Transmission electron microscopy image of a singlen®ghick
nanowire.
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Chapter 3

Large Area Chalcogenide Nanowire

BasedPhotodetectionDevice

3.1.Introduction

Nanowires have long been among the most promising building blocks for future
low power, high speed electronic devices due to their superlative physical properties.
Albeit huge efforts towards their design, fabricatiand characterization for a
considerable time, it is striking that to date large scale production and integration of
nanowire devices have not emerged, where their assembly into functional devices is
identified as the main barrier before their large saéliation. Although, here have
been reports on nanowire integration into electronic circ{28y30]; we also believe
there is ample room for various strategi@wards this end. In this chapteve
demonstrate the feasibility of a new kind of indefinitébyng, aligned, polymer
encapsulatechanowire arrays, produced using a recentlgorted technique of
iterative size reductiomethod[23], for integration into functional devices. Using the
technique we are able to produce many different types of nanowires of various material
compositions including chalcogenides, semiconductors, polymers or metals, with
various functionalities suctas photoconductivity, piertectricity, or structural
coloring[31]. These nanowire arrays with their unique composition and geometry are
also convenient for lge area nanowire based device construction.

As a proof of principle, we constructectlaalcogenidenanowire based large area
photodetection devicg5]. We assembled polymer fibers containing hundreds of

continuous paralledeleniunnmanowires manually on a lithographically defined circuit,
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and then we removed the polymer by dissolving it in an organic solvent, in a controlled
manner. The exposed nanowgiremained over the electrical contacts as a monolayer,
forming the photodetection units composed of hundreds of parallel aligned nanowires.
We constructed the device within, but not restricted to, an area of,lcomaining
10x10pixels. After integratin toa designeelectronic readout hardware, we managed

to detect and disply alphabetic characteos the sensor surfa@xposed to th dark

field illumination of some alphabetaharactersThe research can be extended towards
many directions, since thimethod could be used to cover very large surfaces with
various types of nanowires, and the process is substrate independent, which might
facilitate production of nanowire based devices on flexible aneprarar surfaces.

3.2.Fabrication and Characterization of Selenium Wres

We utilized theiterative thermal size reduction techniq(seee Chapter 2jor
production & polyethesulfone PES polymer encapsulateshdefinitely long and
axially aligned selenium nanowire& bundle of selenium nanowires with removed

polymer jacket bylichloromethane@CM) can be seen iRigure3.1.

]

Figure3.1: SEMimage of the amorphouslesium nanowire array

Seleniumis an interesting chalcogenideaterialwhich is convenient téhermal
drawing to obtain fiber§23], as well adt hasphotoconductivity{32], light induced
crystallization, and phase dependent electrical conductj@8]. Selenium has

photosensitive conductivity in crystalline state, and can be crystallized by thermal
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annealing[34] or exposing to specific organic reagents including pyridine, aniline,
piperidine, which are all ring compounds containing nitro¢@®s]. In order to
investigate sizeependenproperties of selenium fibepgoduced byhermaldrawing
three different setfeselenium wires, whiclwvere designated by StépStep2 and $ep

3 according to thenlecreasing radii, were selected. Tingt two stepmicrowireswere
crystallized by thermal annealing, while the third stapavires werecrystllized by
diluted pyridine as a 50% aqueous solution.

Photoconductivity of the micro and nanowires with different sizege wempared
by measuring of the photocurramtder illumination with broadbarigiht sourceusing
setup shown irFigure 3.2. Electrical measurements were performed wittitlidey
2400 Surce-Meter controlled by aomputer programritten in C# The software can
be used to capture time series datawfentl and voltageVv simultaneously or to
measuré-V curves A 50 W light sourcevas used for illurmation. Electrical contacts
to the micro and nanowires were formég applying silver paintCurrent was
monitored while applying a constant voltagfel0 Volt, and light source was eoff
modulated by a switciT.he ime series data of photoconductance are givéfgare
3.3. All data were nanalized according to theorrespondingdark curent valus,
which were on the order of picoamperesAs can be deduced form the
photoconductance measurements of selenium wires of different radii, the wires have a
size dependent phegensitivity and photoesponsiveness. Selenium wires having
submicron diameterkave superior properties when compareth&wires of micron
size diametersConsequently, selenium nanowires &versed as a photosensitive
elementsn the constructionof a photodetection device as describethafollowing

sections.
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Figure 3.2: Electrical characterization setup used tlie measurements of photoconductive
properties of Se nanowires.
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Figure 3.3: Sizedependentphotoconductivity of selenium nanowires. Light was-afh
moddated and meantime photocurrent wesorded aapplied voltage 010 Volts.
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3.3.Integration of Selenium Nanowire Arrays

Selenium nanowire bundles producediteyative size reductiortechniquehave
very convenient properties for manual manipulation such as being embedded and
globally oriented in polymer fibers which can be handled eagilsing this
convenience, wenanuallyintegrated selenium wires of 500 nm in diameter onto a
lithographically definecelectrical circuity, which wa producedy gold deposition
on a chipof Pyrexglassand lift-off method resulting intelectrode pairs and pathways

(seeFigure3.4). The chip of the circuitrgonsists ot 10X1.0 pixel array in an area of
1 cnt.

Figure 3.4: Macroscopic assembly of nanwes over a lithographically defined
circuitry. (a) First step of nanowire iagration to a macroscopic cirayitis manual
alignment and accommodatioof polymer fiber arraysontaining hundreds of
nanowires embedded inside. Second step is dissolving the@ogncapsulation and
dispersion of nanowires over electrode pairs as mdagers. Third step is
crystallization of the selenium nanawires with pyridine solution.(b) Optical
microscope image ofald electrical pathways for signal andbgnd electrodes on the
circuit.

We manually assembled fibers on the chip after stabilizingtheir position with
Teflon tape, wemmaesed them in DCMwith a slight tilt Without disturbing the
orientation of the exposeddividual nanowires, we gentlyaghed the chip with DCM
to remove thd’ES remnantd-or the crystallization processe immersed the chip
with nanowiresinto a 50% by volume aqueousrjgyne solution overnight. SEM
micrograph®f resulting crystalline selenium nanowires over the circuitry and a single

pixel of the circuitryare shown irFigure3.5.
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Figure3.5: SEM image of the photodetection circuiith nanowire based pixel(a)

SEM image of crystallized selenium nanowires lying over ground and readout
electrode®f the circuitry forming pixelstb) SEM image of a single pixel, composed
of hundreds of photoconductive selenium nanowiregnell over electrode pairs,
which have asepaation of 10 micrometers. A highesolution SEM image of

nanowirescan be seen in the inset.
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3.4.Design and Demonstration of a Large Area

Photodetection Device

To use a circuitry composed of nanowirased pixel array as an igiag device,
photocurrentof each pair electrodeeeds to be measured ammterpretedfor the
construdon of corresponding imaggixel in gray scaleTo accomplish thigoal we
designedan electronic hardwate capturgphotoresponse of each and every pixel and
to sendrelevantdata to acustom application software for image construction.
Schematics of theircuit designed by CadSoft Eagle PCB design softwadprinted
circuit board layout are given Figure3.6 andFigure3.7, respectively.

The circuit is consists of seven -tBannel analog multiplexer/demultiplexer
(74HC4067) with fouraddressinputs, one USBo-UART converter (FT232R), a
microprocessor with digital signptocessing capabilitigglsPIC30F4011), a voltage
regulator, and two LEDdor power and data transfer statusirmware ofthe
microprocessorsi written by using C programindanguage in MPLAB integrated
development environmelIiDE). Every pair electrodewhich are in a voltage divider
configuration to convert photocurrent into voltage sigaed, connected to the input
port of the microprocessor through analog multiplex&sen input channels of
microprocessoare multiplexed by four address input pasfsthe multiplexersand
concurrentlysampled Voltage signabf every channel are then 10 bit digitized and
transferred as ASCII data via USBotal number of channels witheven analog
multiplexers is 112, however, twelve of the channelsiaesl as spare ports replacing
some channels with cross talksing USBUSART converter chip, data transferred
with 19200 baud rate anchn be read as if there is assignederial COM port.
Surface mount packages (SMD) for electronic components are used in printed circuit
boardwhich has two copper plates at both sides. Electrical connections between
channel ports and contact pads of the photodetection circuitryhe electronic
hardware are made using soldering with thin enameled copper wiBssvice b
designed to be powered by USB only or external power source, which can be selected
by a switch on the boar#inal status oflectronic hardware with nanowire integrated

circuity can be seen iRigure3.8.
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Figure3.6: Electricalcircuit desigh of nanowire based photodetection device.
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Figure3.7: Printed circuitboardlayout of nanowe based photodetection device
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Figure3.8: Photodetectiodevice with electronic hardware and selenium nanowire integrated
circuitry on the topDevicecan be powered by USB or external power souteeh pixel is
addressed by multiplexers and sampled by microprocessor. A voltage signal corresfonding
alevel d light intensity is measureftr every pixelanddata istransferred to a P@a USB

A custom softwares written in C# programing language in MS Visual Studio 2010
IDE in order to read serial data as packages frmmaal COM port and to construct
animageof the captured photoresponaegray scale. User interfacd the developed
software can be seen frigure 3.9. A first order digital low pass filteis also
implemented in the software to reduce signal noise.

Before constructing an image, each pixel must be calibrated to match thieir pho
sensitivities since theyave slightly different responses to the same light intenséy du
to the fabrication ampbuitiessuch aghe number of nanowires havingontact with
electrode pairs and electrical contact qualiBistribution of pixel photosensitivity
shows that majority opixels has almost same sensitiipn the order of 13) except
a few highly sensitig and insensitive pixelséeFigure 3.10). The device is 68%
functional. Calibration 8 done by the software for each pixel using photoresponse

values of static dar&nd bright illumination of predetermined intensity of light.
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Figure3.9: User interface of the developed software for the construction of captureel liyag
the nanowire based photodetection device.
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Figure3.10: Histogramof pixel photasensitivities normalized with minimum level of current
that can be detectdxy the circuit
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In order to create an image, dark field illuminatiorsofme alphabetic chacters $
applied via passing white light through transparemntspaef a shadow magkrepared
by printing. A schematics for the demonstration is showRigure 3.11(a). After
proper calibration of pixels via the software, resulting imagesilbékposure of the
device to static dark andight illumination areshown inFigure3.11(b). Blue pixels
denote dead pixels, which doeind to becompletely insensitive to the light as a result
of broken metal lines produced byt{dff process omisalignment of the fibers. Usj
close contact maskdark field illuminationof charactersn thewor d A UNAMO
projectedon the deviceand captured by the software iasages shown irFigure
3.11(c). Using rightangle sided fonts and careful alignment of close contact masks
overthe circuitry ofthe sparsely distributed pixel&we obtainsharp contragmages

Image resolution is dsw as 1 pixel/l mm or 4 dulue to the sparsely distributed
pixel over an active area of 1 énHowever, decreasing the space between electrode
pairs and increasing the number of pixel efed¢s per unit length will increase the
resolution Unfortunately, increase in pixel numbers comes along with the electrical
readoutproblem, which requires addressingcuits such as used in active matrix
displays.Very high impedancéon the order of 1Dohms)of nanowires betwen pair
electrodess anotherelectrical interfacingproblem, whichcan be resolved by using
impedance matching circuits tonalog digital converters in microprocessdn
addition, cross talkan occur between pixels becaus¢hefelectricalmulti-pathways
from a signalline to the other common ground lines having contact with same
nanowirebundle ofthe pixel Fortunatelythese pathwayhavemuch more resistance
in comparison withthat of the closest gap between pixel electrodes which is 10

micrometers.
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Figure3.11. Demonstration of theatge area nanowilgased photodetection device
(a) Schematics of dark field illumination of some characters onto nanowire integrated

photodetection devicé¢b) Software onstructed imagef a calibrated devicafter full
exposurdo a light source for stic dark andoright illumination. (d)Capturedinages

of dark field illuminated alphabetic cllac t e r s o .fBludi pikBlAdvd dead
pixels.
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Chapter 4

Whispering Gallery Mode Resonatoss

4.1.Introduction

Light, the fastest entity known in the universe, nevertheless can be trapped in optical
analogof a prisonc a | logichl résonatar[36]. Conventional optical resonators
consist of two mirrors recirculating light resonantly as in traditional Flerpt (FP)
resonators.However these esonators suffer from difficulties their assembly,
alignment and binding, andbrational instabilitiesIn addition, reducing size of these
resonators can be very expensive and difficult task. On liee lbanda particular type
of resonatorsvhich can confine light in concave surfaces of high index dielectric
media via total inteal reflection, are not prone to these mentioned probléhese
optical resonators c¢al(We@Mo Arwhs crpaetrad rnsgy, Gl
an acoustic analogy observed a century ago by Lord Rayleigh inside the dome of St
Paul 6s Cat hear) lawasnanmsl atk W@&M because a whisper uttered
against the wall of the dome cénavel along the surface, hence daheard by a
listener at any other point around the galleHe also suggested electromagnetic
version ofthesesurfacewaves First theoretical understandings of WGM resonators
were accomplished by Mie on the scattering of electromagnetic waves on $p8gres
and Debye on the derivation of resonant frequencies of dielectric and metallic spheres
[39]. Existence of high frequency electromagnetic oscillations was pomieth
suitably shaped dielectric objects by Richtmyd40], and general properties of
electromagnetic oscillation in dielectric spheres was widely discussed later by Gastine
[41]. First experimentally observation of WGM was ddaydaser actin in solid state
WGM laserg[42] andby elastic light scatterings liquid spherical paicles. WGM
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were also utilized to measure size, shape, refractive index and tempefaplrerical
particleg43, 44] Recent theoretical and technological advances can be found in some
reviews[45-48].

The motivation behind temporal and spatial confinement of light in optical
resonators is enhancement of lighatter interactions to reduce the threshold for
nonlinear optical phenomesach as thirtharmonic generatigd9], four wave mixing
[50] and lasing[51] or to increase sensitivity dfiological sensors for the ultimate
detection of entities such as a single vif6&]. Exploiting high quality factor
microresonators has been resulted in maimmptgnic devices with a myriad
applications during the last decad®mme of which are low threshold lasef53],
frequency comb generatofs4] and filters[55]. Especially surface tension induced
resonators in sphel®6] and toroid[57] geometries have attracted a considerable
interest, due to their micron scale volunvath atomically flat surfacesAlong with
the perfection comes the highest temporal and spatial confinement of the light in terms
of quality?éndmdd®wlsmes. Q 010

The microspheres are the simplégbe of WGM resonators.They are often
produced by a melting process enadlisurface tension forces to create a smooth
spherical surfaceAlthough their fabrication is easy, resonance structure of a
microspherds highly complicated due to variousodes withequatorial, radial and
polar field dependencieslowever, sphericANGMs are similar to atomic orlails and
have analytic solutiondor the electromagnetic problemMNGMs are actually
considered to be electromagnetic waves with high angular moménigimazimuthal
and angular mode numbersyhich are localizec&nd resonarly circulatingin the
equatorialbelt of the cavity. Experimental and theoretical aspects of coupling light

into these WGM resonators will be revised in the next chapter.
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4.2.Ray Optics in I Cavities

Whispering gallery modes in a sphere cavign be simply considered as
circulating rays(seeFigure4.1(a)) at incidentangles of — w 1t \da total internal
reflection (TIR) mechanism due thfferencebetween refractive indicesf medium
andcavity. The resonance corttin for a light raytraveling around the perimeter of
the cavity occurs when a roundlip opticalpath lengthisamut i pl e of: wavel
¢ E 4 _ (4.2
wherer is radius ands is refractive indexof sphere cavitymis an integer, ane-is
wavelength of the raywave nature must be consideréat correctpredictions to be
made, neverthelessay picture is useful for understamgj the basis of the

phenomenon

Figure 4.1: a) Circulating light ray inside a high index cavity. > n,) via total internal
reflection. b)Schematics of inciden@, reflected®and refractedoeeays at the interface.

4.2.1. Vector Formulation of Refraction

We can derive vectorial formulatioof Snell Law
¢ OB+ ¢ OE+H (4.2)
usingthe relations betweenf incident @, reflecteddand refractedseainit rayvectors
asshown in theschematic®f Figure4.1(b). Since they aranit vectors andoplanar,
we can rewrite Equatiofh.2as
E @ P & OB P (4.3)
Thus, we obtain

t@ &ae P T (44
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The expression in the parenthesis must be paraltbletmormalvector (P, therefore

we can write
E@w £€d® P (4.5)
whereais a unknown constant. Taking dot product of both sides@®itind usinghe

relation(®Pt ® p, we find that a is:

& & Pio & Ptop & AT-O ¢ AT (4.6)
Using again Snell Law, we can write instead\of-Q
R
Al-6 — WE— p &R (4.7)
Inserting Equatiod.7into Equatiord.6, we get fora is:
©w ¢AT-O ¢ wéei p X (4.8)
Using Equation 4.5, theefracted ray vectobess:
® Lia op
P (4.9

4.2.2. Vector Formulation of Reflection

Similarly, vectorial formulation for reflection can found using the fact that

reflection and incident angles are same. Thus we have:
®© ® o © (4.10)
as a starting relation, which can be rewritten as:
® ® P 1 (4.11)
Due to same reasobgfore,we have
@ ® aP (4.12)
whereb is a unknown constant. Taking dot product of both sides with unibvétt

we can obtain

o ®iea ®ie AI-O0 A0 cAi-O (4.13)
Finally, thereflected ray vectodis:
® @ CAi-6F (4.14)
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4.2.3. Ray Tracer Algorithm and Simulation Results

Ray tracing in 3D space can be done by propagating lighth has initially at
some point of spaced, Yo, 20) inside a cavityand has some directiatescribed by @
initial unit vectore , with smallsteps along atsaight lineuntil theray come across
thesurface, where at the point of intersectibincident anglesatisfies the relation

wéEi— ®téd p &R (4.15)
the ray refract@nd escapes out of the cavity, so simulation ends herecawese
Equation4.8 and Equatior.9 to find the refracted rayector ®, which gives the
escape directiarHowever,if the condition given by Equatiod.15does not satisfy
the relation, we canse Equatiod.14to find thereflected raywector®. Since nowve
know the intersection point arttie direction light reflects to, we can continue to
propagate light until we come across another pointhefsurfaceagain Same
procedure can be appligtkratively as much as pleased until the ray escapes
Normal unit vector(®® can be found at every intersection point by calculating
normalized gradient vectarYat that point, where S is the implicit function defining

the cavitysurface For examplea toroidal cavity is set of points satisfying (4.16)

Y O o a
wherer andR are minor and major radius of toroid, respectively. Implicit function S

can be taken as

Yafcld Y @ o a i (4.17)
and the gradient is
n"y —d)I-U—,I-U—,'Q (4.18

We firststudied a toroidal cavity takingjfferent initial conditiors for the ray and
we found that four types of trajectocanbe used to @nfine the light propagating
inside the cavity as shown figure4.2. The first type is the WGMs\ext, we studied
an oblate spheroidavity. Resultswere qualitatively compared withthe results of
another simulatiorwhich we did by using finite difference time domairfFDTD)
method inLumerical softwargseeFigure4.3(a, b)) Light can be confined onlyna
annularregion of the space in the cavity, which is called caustics. Electromagnetic
wave solutions and ray optics solutions show idehtaastics for light coupled ia
an oblatespheroidcavity as shown ifrigure4.3(c, d).
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Figure 4.2: Different ray trajectories in a toroidal cavitga) Whispering gallery modes.
(b) Bowtie modes(c) Spiralmodes(d) Chaotic modedJnits of axes areneter.

Figure4.3: (a) LumericalFDTD simulation configurationb) High radial order modes in an
oblate ellipsoidal cavity(c) Caustics of modes in 3D perspectiigh. Caustics of modes in top
view. Units of axes are meter
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Figure 4.4: Different caustics and escaping mechanisms in a triaxial ellipsoidal céajity.
Outer causts. (b) Inner caustics. Escapmjectory of a horizontal mode in a (c) top and (d)
perspective viewEscape trajectory of a skedmode in a (e) top and (f) perspective view.
Units of axes are meter.

Finally, we studied a triaxial ellipsaadi cavity, which is an asymmetric cavity.
There are two kinds of caustifmundfor the confinedlight in this caseas shown in
Figure4.4 (a, b) Asymmetric cavities are known witheir directional emission of
radiation[58, 59] Light escapes at point of higstecurvature on the cavity refracting
tangentidly to the cavity surfacevheretheincident angle is greater than the critical
angle of total internal reflection. Ray simulations for horizontal and e#ew
trajectories, as shown kigure4.4(c-f), confirm theoretical expectationsSIATLAB

codes for ray optics simulation for toroids are given in Appendix A.2.
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4.3.Electromagnetic Theory ofWGMs

Exact electromagnetmwave solutions in a dielectric cavity can only be found for
spherical cavitiesThevectors ol ut i on of Ma x wdelectribsphereq u a't i
can be derived frortwo independent solutions afscalarequation, which are called
Debye Btentials(U, V) [39, 45]

For a time har moni c fériareidotdopic dMdlactriovepheledé s e q

can be writteras

n 0 Nea (4.19
n e Q@ (4.20)
where®Q 0TGP ¢ - and' are dielectric constant and magnetic permeability of

the sphereThese equationsave two types of solutions in sphericabrdinatesystem
as TE and TM mode®r which radial components of electfield E; and magnetic

field H, are zero, respectivelffor TM modes Qfield and'®fields are

0

Y Y
0 EL— h (o) "Q%—. (4.21)

and forTE modesQfield and®fields are
! x

O o Q whO m

o P9 9 Q?‘% @ (4.22)
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whereDebye potentiaU, V satisfiesascalar equatiowhichexplicitly takes the form
in spherical coordinatdsr both potentials:

1Y »p 1T §Y p T Y -
- ~  zZ ZZ = 4-23
1 T O0Bf "t — T 0ef. ' T (429

where’Q Q- ‘inside the spheréQ Q outside tle sphereand™@ 0 7T¢ By
substituting the potential a8 'Yi g —B ¢ in Equation 4.23 and using

separation of variables, we obtain thbowing equations:

(0% aa p
U : 4.24
ac Q T Y T ( )
P Q . < ac (4.25)
GEn g Yt P FgL9 T
g8 .
o< B m (4.26)

wherel is angularmode number anth is azimuthal mode numbewhich cantake
integers froni | tol. Radial Equatiod.24can be transformed to Bessel equation with
substitutiodY i Qo Qi

o pA® ¢

kgl % (4.27)

ar aoa °

whered "Qiandf & pfc. As aresult the solution of the Equatioh23hasthe

form

Y ik 80 AT-GOMQD QIQ (4.28)
for insideof the spher®f radiusa (r ), and

Y ik 60 AT-OMQI0 Qi Q (4.29)

for outsideof the spherei( ). 6 ; are some arbitrary constanbs, @ are adjoint

Legendre polynomials) @ are Bessel function of the first kind ai@ @ are
Hankel function of the first kind.

Resonance frequencies and fields are determined by boundary conditions.
Tangential components of the electric and magnetic fields must be continuous on the

spheresurface, whicltan be expressed as:

iIHQ 1H0 (4.30)
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iH'® (H'® (4.31)

where®@ andQ® are internal and external electric fields, &dand® are internal
and external magnetic fields, respectiv@yundary conditions lead a characteristic
equation which determines admissible valuethefQd The characteristic equation

for TM modes is:

oo 0 _ QB0 Qo
V\I._mf ~Q (o —_— — (4.32
NOd Q QWO Qw
and for TE mode is:
Oh Q¢ - QG0 Qo
Now Qw i (4.3

where the prime means a total derivative over the argument of function, i.e@over
or Q¢ The roots of characteristic equation gives the relation between the wavenumber
k and the sphere radiws Since there are many roots satisfying the characteristic
equations, it is necessary to spedfy a third indexq what nunber of the roowf
Equation4.32 or 4.33is used. The radial mode numlzecorresponds to number of
field maximum in radial direction, azimuthal mode numimerorresponds taumber
of field maxmum (2xm) in the periphery of the sphere, and polar mode nuritberl
correspnds to number of field maximum in meridional direction.

Resonance wavelengths correspondingjid, fn) mode numbers can be found by
solving the characteristajuations or more practicallging theasymptotic expansion
of the characteristic equation in powerd [§0]

0 o _ _

— p—TC['. | %

(434

e p
wherew "Qds size parametet, & pAc, nis refractive index of the sphere,
is the @ zero of the Airy functiomdi(-z), and0 & for TE modes an@  p¥¢ for
TM modes.It is clear that resonance wavelengths depend on polarizatiomgahd (
mode numbers, so there ik+2 degeneracy for the modesth respect to azimuthal

mode numbem.
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4.4.Numerical Simulations of WGMs
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Figure4.5: Two dimensbnal axisymmetric FEM bas«€@lOMSOL simulation. (a) Simulation
environment showing half of the sphere of radius 25 um, air region and perfectly match layer.
(b) Zoomedin figure showing a part of theesh.

In order to find electric field distributions of WGMs, we performedtwo
dimensional axisymmetrisimulations using finite element method (FEMjth
COMSOL Wave Optics Module(electromagnetic waves, frequency domain
interface) Simulation environment consists of 25 um radius sphere with refractive
index ns of 2.8, an air regionngr = 1) and perfectly match layer (PML) around the
sphere as shown figure4.5@). Wor ki ng wavel enAgtetionandi s 1.
PML have thickness MaxB3mumnume h gsiez@eics$ i
sphere shell and ai(seeFgwegdbllm)n, and &/ 10 f ol

In 2D axisymmetry, the electric field varies with the azimuthal mode numlasr

Qi OiflQ (4.35)

For this case, the wave equatifon time harmonic and eigenfrequency probleras

be ewritten as

n g%‘_ © é?— 0 Q-0 m (4.36)
wheres isthe unit vector in the owdf-p | a hdeectidn. The azimuthal mode number
is taken asn= 272 in our caseDistribution of dectric field magnituds, and electric
field directions for resonance mod&sTM and TE polarizations can be seeffrigure
4.6. Resonance modes are designate@iE&g |, 1-m) and TM(q,1, 1-m). Results of analytic

calculations and FEM simulations are comparedable4.1. Position of resonance

modes can be seenhiigure4.7.
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Figure 4.6: Results of FEM simulation showing electric fiadiistribution of Whispering
Gallery Modesin a sphere of 25 um radiuRadial mode numbegis 1 for all modes and the
angular mode numbértakes valuegn 272275. White arrows show electric fieldector of

WGM.
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Figure4.7: Graphicsof resonance wavelengtpssitions calculated byEM simulatiors and
analytic expression of Equation 4.16.

Polarization | g I [-m FEM (nm) | Analytic (nm)
TE 1 272 0 155081735| 155084578
™ 1 272 0 154569789 154569658
TE 1 273 1 154528799| 154531761
™ 1 273 1 154020636 154020513
TE 1 274 2 1539.79803| 153982890
™ 1 274 2 153475384 153475275
TE 1 275 3 153434702| 153437924
™ 1 275 3 152933993 152933903

Table 4.1: Comparison of FEM simulation and analytic results. Resonance
wavelengths are given theunit of nanometer.
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4.5.Free Spectral Range

Free Spectral &rge(FSR)is defined as the frequency or wavelength separation
between successive longitudinal modes of the cavity. Considering fixed radial mode
number ofg, frequency difference between a mode ofdard mode orddr-1 can be

calculated using the first threenes oftheasymytotic expansion in Equatiofi34as:

o W W
¥ A : R
C
@ | a prg - P (437
ced q PP Er
where c is speed of light in vacuum. For lakgehat we obtain for FSR is:
YyQ - (4.38)
¢ &€ w

The FSR of a micrephere cavity resonatocan be rewritten in terms of wavelength

o as.

y_ o (4.39)
Considering samg, I, andm, it is also possible to determiniee spacing between

different modes oTM and TEpolarizationsas:

& ©w £ p

30 FENR —— . ——— —— (4.40)
¢ € wWwg e w ¢
And the separation between modes of successive radialgpisier
. ® p (4.41)
Q ; a - —
oo h i & ¢ o

4.6.Finesse

The finesse::of a resonator is a dimensionless parameter describing the ability to
resolve the cavity resonance spectrum. It is defindtiexsatio of the FSR and full
width at half maximum (FWHM) value of the resoca peak in the spectrum and

given as:

- (4.42)
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4.7.Mode Volume

Whispering gallery modes of a sphere have diffespdtial field distributions
dependingthe value of mode orders, (I, m). Mode volume of the WGMs can be
related to the energy density of the optical maes definedhs
T 1o Qi (4.43)
dodg i 9i

&)

Considering first order radial modeg=() of a micosphere cavity, the mode volume
for WGMs is estimated d56]:
“ o8 = ¥ W a p (4.44)
¢ €
wheree i s the resonéancelcwavel ength and

4.8. Quality Factor

Light coupled into a cavity decays due to some energy loss mechanisms such as
absorption or scattering and has a life tidie the cavity described e decaying
stored energy functiod(t) as:

Yo YnQ7T 'YmQ (4.49)

where life timeUis also expressed in terms of quality facQ/ 2~ actual |y gi
number of total oscillations lightan survive inside the cavitysing stored energy

functionU(t), Q-factor can be formally defined as:

. 07Y
" Tmy
Q0
The time dependee of the stored energy suggests that electric field damps as

(4.46)

06 OmQ  Q (4.47)
FourierTransform of the electric fielE(t) yields:
00 -2 ooq Qo (4.49)
Mcll
from which we can calculate the magnitude of the Fourier Trandtgwhas
00 s o P
) 0 — 4.4
0 0 oo (4.49

37



So in frequency domain, the resonance has Lorenshiape and FWHNMr Y0 is
equal towo/Q. We can practically calculate -factor from frequency domain

measurements as:

-
- v 4.50
0 G (4.50)

wherefo=wo/ 2andY Qis FWHM of resonance peakine shape of the resonance

peak can be measured scanning the wavelength of the tunable laser coupled.to cavity
In fact, line shapeisactualyc onvol uti on of | aserds | ine
which are both Lorentzian. Since the convolutdtwo Lorentzian line shape is also

a Lorentzian line shape with a FWHM, which is sum of FWHM of laser and cavity
line shape. True FWHM is therefore given as

0600 "06 0D "0 "0 (4.51)

For our casave ignore FWHM of laser (0.004 pfor _ p v vgT), which is two

orders of magnitude smaller than the experimental wavelength resolution (0.1 pm).
There are basically two loss mechanism resulting irtcay of stred energy,

intrinsic losses and extrinsic losses, which are caused by cavity related losses such as

material absorption;adiationloss, scattering and contamination loss, and coupling

lossdue to coupling of the light back into theupler, respectivelyl herefore energy

decay rate is sum of intrinsic and extrinsicaetates, which is in other terms

QY qY (9%
P Qo Q0 Qo0
- e L L 452
0 Y Y 0 Y ( )

Thus,

(4.53)

where0 is the couplingQ-factor. In a similar fashionjntrinsic Q-factor can be
decomposed to:

P P P P P
R R (454)
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The Q-factor resulted from materiabsorptions given ag61]:

. ‘€
o S ! (4.55)

where is maerial absorptiortoefficient. The scattering relate@-factor is[61]:

C

¢, 0 (4.56)

where, and B are the root mean square (rmz sind the correlation length of surface
roughness.

Radiation losses are caused by the tunneling of light from the cavity due to its finite
dielectric constant and curvature of its surfé&&diation loss related-€actor is given
by [62, 63]

- a
5 P2af: ¢ 50 (4.57)

S C

where
Yo g i Ge (458
. a
- O daEp L| EdB _ (4.59
aq B G C Va p
3

andb = 0 for TE modes and = 1 for TM modesQrad is generally very high (>16)
andis adecisiveparameter among oth€-factors onlyfor spheres of small radius
(@< 10 um).
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Chapter 5

Optical Coupling to WGM s

5.1.Introduction

WGM resonators have very desirable properties such as ultr@afgbtors and
small mode volumes. However, technological exploitation of these resorsaboiy
possible if light can be efficiently and controllably coupie and out othese WGMs.
Requied assets for aileal optical coupler are 1) phase matching, 2) spatial field
overlap, 3) ideality, which accounts for amount of parasitic coupling to unwanted
modes, and 4) critically, which implies 100% energy exchange at resonance. Besides,
low cost fdrication awl easy alignment of coupke can be considered to be other
important factors The only approach that fulfillgll these requirements ithe
utilization of phae matched optical couplers, which depend on frustrated total internal
reflection (TIR) mechanism as used in pristouplers and near field evanescent
couplingas used in tapered fibers or integrated waveguites space bearnf] do
not efficiently couple into WGMs, therefore they will not be considered further.

Prism couplerg65] are the earliest methods to couple light into WGMs of
resonatorsA laser beam directed into a prism can be coupled into WGMs of a
resonator vidrustratedTIR mechanism if the resonator is close enough to the prism
surface. Phase matching is obtained adjusting the incidence angle of the beam.
However, system is bulky, and optimal alignment aadtrol ofseparatiorbetween
prims and resonator is quite challenging. Nevertheless, a coupling efficiency of 80%
was reported pto datg66].

The integrated waveguide coupl¢s3] can couple light through a phase matched

waveguidevhose evanescent field overlaps with that of WGMs. Achieving a critical
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coupling is difficult and requires fine alignment, but the system is rather robust and
compact.

The fiberprism couplef68] couples core guided liglmto WGMsvia frustrated
TIR mechanism at the fiber end, which is polished with a specific angle satisfying
phase matching conditioit.combines the benefits of prism coupling amaveguide
light insertion and do not require any alignmehtowever, fabrication of the fiber
with proper angled tip is not an easy task.

The most efficient couplers ever found to date is tapekeetdj which enables
almost 1086 energy transfer to WGMsf microspherest critical coupling69] and
shows high ideality70]. Phase matching condition can be satisfied tuning the radius
of tapered region. Coupling loss can be tuned by charlgegeparation betwedme
cavity andthe tapered fiber faeachinghecritical couplingpoint Tapered fibers can
be easily fabricated pulling apart inside a hot zone created by a heatingacieas
COzlaser or a hydrogen torcApart from the coupling efficiency, probably other most
significant advantage of using tapdfibersis theirintrinsic focusing of guided beam
and easy alignment with respect to resonator perimeter. Coupling light out using the
same fiber itself is alsa convenient compatibility for the integratioa external
systems Disadvantage of tapered fibersare their fragile nature andheir limited
applicability which excludescoupling toresonators made of materialsth higher
refractive index than that aflica[71].

Due to the aforementioned superior properties of tapered fiber, this chapter is
devoted to théheoretical understanding of coupling betwegorosphere and tapered
fibers, fabrication of tapered silica fibers, and experimental details of optical coupling

and characterization.
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5.2.0ptical Modes of Stepindex Fiber Waveguide

A cavity resonator coupled to a tapered fiber is generally positioned clase to
region where radius of tapered dibis minimum andocally constant over some
distancealong the fibebetween transition regionk this region of constant radius,
taperedfibers can be treated astepindex cylindrical waveguide to simplify
theoreticalarguments and ease the understanding of optical coupling to WGMs.

The fields of the stepdex fiber in cylindrical coordinates are calculated by solving
the wave equatiofv2], which is Helmholtz equation for time harmonic fields. If the
direction of the wave propagation taken to be titgrection,and longitudinal field
componergare in the form:

OHO T ih—Q 7Q a mphcBh (5.1)
the wave equatiomithe longitudinal directiors

- - ﬁL Q1 7 ik m (5.2)

The solutions are separable if we use the ansatfi— T 1 ¢ ,andT i

satisfies the Bessel differential equation :

—a

T T . a

Forthe modes to be confined and finite, the solutions take the form

~

T 60 QA h Q 7 (5.4)
60 nih  Q 71
whereQ Q 1 andf | Q.
The stepindex fibers have a circular refractive index profi(g)
€ ¢h 1 Y
¢ h 1Y (>3)
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whereRs is the radius of the cor&he exact solutions for core<Ry) are:

0 QLA .
0 —T oM @ m—‘éo ® AT100 a — a

Q T
% =80 a TT—é"Q) w OBIo a— 4 (5.6)
0O 60Q@ AT100 a — &

0 = & a Zs0 0 OBTO a— a
Q (B
0 ET ‘Tg"’ Q WTL“"@ 9 Ai106 6 — & (57

O 60 AT100 a — d&

and for claddingréRy)

o r,]—Térfpr']‘l %’Ogr’]iAHOb &— &
o I,]—‘—é"o i WT—’orp A OBTe &— & 8)
0O 60 AiIATI00 & — &
(@] r,]—Orp ni T‘IOUHIOEHOG—TQ(
"Qf QA
Ti—’ooni 1T—érq‘;ﬁiAuoo a— & (5.9)

0
I
O 00 Ri1AT1060 & — «a

where the tangential components of electric field are real and longitudinal components
are imaginaryasa conventionTherefore A and C must be imaginary, and B and D
must be real.

Applying continuity boundary conditions on the fiber cladding interface,
characteristic equations can be written, whose roots are propagations constants.
Generally there are twgpes of modes{E andEH. Since all of their field components

are nonzero, they are hybrid modes.
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The characteristic equation faBH modes are

VNG, € & 0 NY a -

- — 0 (5.10
oY ¢¢ nYuv Ny (04
and forHE modes are:
v WY £ e 0Ny a .
0 Y c¢ nYL QY oy v (5.11)
where
5 £ £ 0 Ny af p D
CE AYO Y ) o qY (5.12

The number of roots depends on the size of the &bdrrefractive index difference
however there is always one fundamental maddi€:1 propagating through the fiber

waveguide. For fibers with very small radius, most of the field is evanescent.
5.3.Numerical Simulation of Fiber Modes

In order to find electric field distributionsve performed simulations using three
dimensional finite element method (FEM) with COMSOL Wave Optics Module
(electromagnetic waves, beam envelope interface). Simulation environment consists
of 1.8 um radius 15 um long fiber with refractive index of 144, an air shell
(nair = 1) and perfect electric conductor (PEC) layer as shovagure5.1. Working
wavelength & is 1.55 G&m. Maixri nruerg imers hh s zt
sections are chosen &/ 15 for fiber and a/
direction i s 3o. aloseeminFguredl.ri buti on can b

In beam envelope study type, high spatial frequency component of electric field for

propagation directiof® is written explicitly as:

oi Qi °%® (5.13
where@ i i s envelope function. I nserting thi
equation, results in the following wave function:

n® o ® @i Qi m (514)

wherek=kon andko=w/c. FEM solution for fundamental modéEi1 is given inFigure
5.2. Propagation constants calculated from FEWhulations and characteristic
Equaton 5.11 are given for comparison Trable 5.1. Electric field distributions for

different modes are given Figure5.3.
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Figure 5.1: Mesh distribution of a fiber waveguide with air cladding. Simulation
parameters areRf= 1.8 pym,L=15pum,nr=1 . 4 4, & = 1.55 Om.

Figure5.2: Simulation result for the fundamental madg&i1 propagating along the
fiber waveguide.
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Figure 5.3: Electric field magnitude and vector fieldén cross sectiorior some

fiber guided modes.

TE/TM | HEwn | HE2n | EH1n | HEsn | EH2n| B Ent™p| b End'p
(Exact) (FEM)

HE1n 5.70852] 5.70852

TEo1 5.52879] 5.52878

HE21 5.50387| 5.50386

TMoz 5.48988| 5.48989

EH11 5.25528| 5.25527

HEs: 5.22249] 5.22249

HE1> 5.12826| 5.12827

EHxi|  4.92304] 4.92302

Table5.1: Comparison of FEM and exact results fwmopagation constants of some
modes.
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5.4.Theory of Optical Coupling for the Sphere Cavity
and Fiber System

Optical coupling dependsitically on two parameterspatial overlap othefiber
modesandspheremodes(seeFigure5.4(a)), andthe phasematchingbetween them
Coupling strengtltan be describeloly a coupling coefficient, which isgiven bythe

coupled node theory af73]:
i — & &£ 00 @f@ 00 Q¥ QuQnQda (515

where longitudinalE? and transverse componeni of electric fieldsare written

explicitly, ¥ ¥ I is difference between propagation constaritenodes Vs is
the volume of the sphere cavity, and( are factors that normalize the power of
fiber and sphere modes, respectivdlize coupling parameterrepresent coupling
from fiber to sphereSimilarly coupling from sphere to fiber is represenbsd ,éand

transmission coefficients appandp @s show in a schematic of coupling between

fiber waveguideand microsphereavity in Figure5.4(b).

q Eout(t)

Figure5.4: (a) Cross section of the coupling regigh) Schematic of a taped fiber
evanescently coupled WGM of a microsphere.
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The phase matchingnplies the similarity between the propagation constants or

effective refractive indicesert, which is related to the propagation constant;b y

P L
5 (5.16)
where¥ is angular frequency dfght andc is the speed of light in the vacuum.

Therefore, the propagation constant difference can be calculated as

A ze & & (5.17)
where¢ | and¢ | are effecte indices fothe modes ithe fiberwaveguideand
the sphere microresonator, respectively. Propagation constant of a silica fithex for
fundamental modelE11 can be calculated usirig4]
I Ko} c8 i (5.18)

wherek is the wave vector in airg andrs are the refractive index of the bulk silica
€ p& tand the radiusfdhe taper waist, respectivelifter propagation constants
are calculated for different tapered fiber radii, yhean converted intoeffective
refractive indexnesis using Equation5.16 Effective refractive indexnesrs of the
microsphere resonator can be calculated for &&GMq, I, m) mode by using
€ [ e 0wy ,wheregis radial mode numbelris angular mode number, angk
Qi isthesize parameter of the sphenécroresonator givehy Equation4.34

In order to calculate effective refractive indices of tapered silica fiber and
chalcogenide microresonators, a MATLAB code was developed. aFsphere
microresonatompolar mode numbermgcorresponding to resonance wavelengthanin
experimentalscan range, arfirst computed for different radial mode ordersand
resonator radiis by using Equatiod.34 Following thedetermination of values,ne,s
arecalculated as function of radial mode ordgrand resonator radius

Phase matching is important for optimal light coupling. Smaller the difference
between the propagation constants or effective refractive indices, higher the phase
matching; therefore, better optical coupling can be obtained. As sEgjuie5.5, the
effective refractive index of resonator for fundamental modes 1) approaches to
the effective refractive index of the silica fiber with an increasing trend for smalle
radii (or size parameters). Also for higher radial mode ordgrs ), the difference
between the effective refractive indices of resonator and fiber exponentially decreases
for very small resonator radii. This explains why higher mode orders couptes

the resonators much more favorably then the lower mode orders.
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Figure5.5: The effective refractive indicesests of chalcogenide microspheres with

various sizes for different modes of radial ordéys=( 1, 2, 3 é& 10),

refractive indicesnerrt of tapered silica fiber with respect to its waist radius (for
fundamental HE mode).Radius of the microres@ator isR = 25 pm.

In addition, achieving a smaller taper radius than the exact jphatehing taper

radius can enhance the optical coupling since the decreased radius increases the

evanescent field of the fiber which overcomes the negative effect sé&phismatch
and enhances the coupling up to a certain point where jphiasgtch recovers its
dominance over the optical coupliagain Therefore, the optimal radius for maximum

coupling strength is lower than the radius satisfying exact phase matchihitjaa

Coupling coefficient depends on the spatial overlap of the fiber and sphere modes, so

changing distance btweenthe fiber and the sphere will change theoupling
coefficient enabling tuning of coupling stigth, which is not possibie FabryPerd

resonators.
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Evolution of opticalcoupling in fiber wave guide and sphere microcavity system
can be analyzed by scattering matrix formalig®, 75, 76] Assuming onlyHEz1:1
mode is traveling along the fiber through the coupling region as shokigune5.4
andonly afundamental TE or TM modaf thesphere with@d = 1,1 = m) mode orders
is exited the relatios between pump fiel@&in(t) and circulating fieldEo(t) inside the
sphere and the transmitted fidgl(t) can bewritten as:

OO0 noOo tQ — ™MD o (5.19
and

O 0 nNO o O (5.20)

wheret ¢ 07w is circulating time for mode traveling inside the sphére,¢* 'Y

is perimeter of the sphere, ¢“¢& 07_is the phase lag after one circulation inside
the spherens is index of sphereg is the speed of light, andis the intrinsic loss
coefficient in the sphere cavity caused by scattering, absorption, radiation, artteetc.
time reversal symmetry and energy conservation lead ta gr raandd)s

ds p.Ifwe assume the sphere cavity is a li@gfactor resonator and intrinsic and
coupling losses are very small, this meang p and 9 SL p. For a resonance

frequencyd  ¢“ w7_ , frequency detuning from resonarftequency w can be

written as
. (5.22)
i . , v P P W Yo
v 0 0 ¢‘w — — ¢w——
And we also have
¢ed ., D N
. ¢‘eEnL - — — ¢‘&E D—=
= = - = = = (5.22
w N ) y= “
¢‘eEL—= ¢ 0

whereN is a integer andve useresonance conditioa 0 0 _ in the last term.

Combining Equatio®.21and Equaon 5.22 we have
3

. (B—S“U ¢ v
So we
0 € 0 0 € 0 0
A De. L A @ fR—30 L p @30 L (5.23)
q w q w q
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where we use Taylor expansions in the last t&atting Equatiorb.23into Equation
5.19 neglecting second order terms and using Taylor expansion agairctdating

field
Q0
006t 00 t-= (5.24)
Qo
finally we obtain
oo L | O "i'OC)
Q0 At =3 (5.25)
Defining intrinsic and coupling §actors as:
. (5.26)
0 W
cU ce
0 p N i
cb nt ot (5.27)
thus, Equatiorb.25becomes
Q0 o 0 0 i
- - B0 "0 ¢ 5.28
0o & @ O Q0 o (5.28)
For steady state solutionse can drop derivative term and obtain
Qrt
0 0 o 5——=0 0 (5.29)
o o (V1V)

Therefore, we can deduce the transmission coefficient of the coupled &ystesing

Equation5.29and5.20 andny  p, whichis a Lorentziarfunction

O 0s I (VI
O o< , ; (5.30)
DV 0% L PO g,

¥} ] C
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Thetransmission coefficient can be rewritten in terms of experimentally available

guantities as

Yop o (5.31)

whereK is thetransnission deptfat resonance frequenandQ. is theloaded quality

factor,which are gien by

C

(5.32)

C| 4
C| cn

pr) pr) pr) (5.33)

For full transmission spectrum containing M resonance peai, dfansmission is

given by

Y op (5.34)

whereK; andQ., are transmission depth and loaded quality factor of corresponding
resonance peaks. SeeFigure5.6 andTable5.2 for a simulated transmission spectra

of a 25um radius sphere, and Appendixl4or MATLAB codes.

Intrinsic quality factorQin and coupling qualityQcoup factor can also be written in

terms ofK anQL as:

0 ¢O p Vp 0T (5.35)

0 ¢O p Vp 0 (5.36)

0 is generally fixed by fabrication. Howeva, can be change by adjusting the
separation between fiber and sphere cavity. d&pending on the ratio of
1 0 70O , three couplig regimes are possible: ovesupling] p, critical
couplinglY p) and undecouplingY p). Maximum power transfetan achieved

in critical couplingwhere transmission drops to zero.
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Figure5.6: TE and TM WGM modes for a sphere of 25 um radius with 2.79.

™ q |:m o ( I Qcoup TE q |:m o ( I Qcoup
1 | 273 | 1535.6 1 | 274 |1535.2
1 | 272 | 1541.1| 2x1¢ 1 |273]1540.7| 4x1¢
1 | 271 | 1546.6 1 | 272 |1546.2
2 | 264 | 1535.0 2 | 265 | 1534.6
2 | 263 | 1540.5| 5x1C° 2 | 264 |1540.2| 1x10*
2 | 262 |1546.1 2 | 263 | 1545.7
3 | 257 |1652.5 3 |258|1532.1
3 |256 |1538.2| 1.5x1C 3 | 257 |1537.7| 3x1C°
3 | 255 | 1543.7 3 | 256 | 1543.3

Table5.2: Simulationparameters for the calculation of WGM mod@gs.=10°is taken
samefor all modes.
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5.5.Fabrication of Tapered Optical Fibers

Although it is possible to fabricate tapered silica fibers by etching with7HF
single mode silica fiers aranore convenientlyapered by pulling them apart with two
controller driven linear translation stages moving towards opposite directions, while
being heatedp to silicasoftening temperaturie a hot zone creatday a heat source.
We have tried hamg by CQO; laser,propane/butanenix torch and hydrogeriorch
which gives the best resultotal tapering length (30 mm) length ofthe hot zone
h (5 mm)and tapering speed(0.005 mm/sjre important parameters for a tapering
processTaperingresults intaa biconical shapgwith aregion ofconstant radius in the
middle.Using volume conservatiofeft partof the symmetri¢apered fiber profile in
cylindrical coordinate system can be estimateff8p

ita 1Q/ T a 0f¢ (5.37)
iQ! 0f¢ a 0 "QIg

wherer(z) is radius of fiber at, rois initial fiber radiusUnlike etched fibers, for which
only the core bthe fiber remains after tapering, the core offther being tapered by
heatgradually diminishes, and at some panty the claddingegionremainsin the
beginning, here is onlycorecladding guidedundamental modé&iE;; of the fiber.
Depending on the rate of tapering othégghermodes ofsame symmetry witiHE1:
canbe exitedin the transition regiomesulting into beating of modes at the fiber end
[79]. With further tapering, fiber transmission reaches taofuwhere onlya single
air-cladding guidedmode survives. In order to prevent or minimize exiting higher
modesfibers need to be taperedrygradually as described by thdiabaicity criteria
[80]:

Qi i1 7T (5.39)

Qa ¢
wheredr/dz is local change of radius, and] are propagation constants thie
fundamental mode and next higher mode, respectiwelan adiabatically tapered
fiber, almost 100%transmissionvaluesare observed81]. Longer tapers provide
higheradiabaticitywith negligible insertion loss

The tapering setys represented iRigure5.7 and schematically ifrigure 5.8,
consists of severalectronic, optical and mechanical systeWse wsed two antagonist
linear motion stages (Newport) driven by a motion controller (Newport ESP300). After
removing the polymer buffer at some portiora@MF28optical fiberand cleaning
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Figure5.7: Fiber apering setup used for the fabrication of tapered silica fibers.

the exposegbartin anisopropanol alcohadolutionto remove polymer residugihe
fiber isfixed tothelinear motion stages by fibéolders A tunable laser operating at
1550 nm (SantetLS-510)is couplednto the fiber at one endsing mechanical fiber
splicers (Thorlabsandthe other end of the fibers is coupled to the IR deteufter
powermeter(Newport 1935C) The pulling length and opticatansmission through
fiber arecontinuousy monitoredin real timeand recorded by a custom built software
developed in MS Visual Studio .Net 2013 IDBk using C# language. User interface
can be seen irfrigure 5.9. Laser, pwermeter and linear stages arentrolled
automaticallyduring the tapering proces$he tapering fiber isalso continuously
observedy a CCD camera equipped with a 10X long working distance objective
We can obtainikca tapered fibersvith submicron waist diamters (seeFigure
5.10) within minutes Stopping criteria foatapering process itheobservation othe
oscillatory transmission signairansforminginto a stable signal, indicating only a
single optical mode to be guidddonitoring output signal characteristiesables us
to observeadiabaticityof the fibers which depend®n the length ofhot zoneand
alignment of fiber holderdBeatirg of multi modedor a nonadiabatic taperingan be
observed aan increasé amplitude and frequency oscillations in the transmission
signal as shown inFigure 5.11. On the other hand, for an adiabatic tapered fiber,
transmission spectia same before and after tapering, except a constant power drop
for all wavelengths as seenhkigure5.12.
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Figure5.8: Schematic for fiber tapering setup.
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3 um 10 pm

Figure5.10: SEM images of a tapered fibbricated by the tapering setup
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Figure 5.11: Transmission throughthe optical fiber duringfiber tapering.
Transmission is given as anittion of the total tapering lengtAdiabatic and non
adiabatic instances of fiber tapering can recognized from transmission data showing
beating of fiber multmodesobservedas osciations
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Figure5.12: Transmission spectra of a silica fiber before and after tapering process
with good adiabaticity Only a parasitic loss is expected for an adiabatic fiber
irrespective ofthe used wavelength. Otherwise, there would devavelength
dependent transmission dipstire spectra, due to the beating of higher modes with
the fundamental mode diefiber.
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5.6.0ptical Coupling and Cavity Characterization
System

Experimental setugschematically shown idrigure 5.13) used for the optical
characterizations of microresonator consists of an external cavity tunable laser (Santec
TLS-510, 500 kHz linewidth, 1500630 nm range), a polarization controller, an
optical power meter (Newport 1935C with 91:8R-0D3R detector), an oscilloscope
(Tektronix 1012B) , a color CCD camera (Hitachi) with long working distance
objective system (Optem Zoom 70XL), andds closed loop piezo translation stage
with controller BPC303 Controller, NanoMaXS piezo stage with 5 nm position

resolution) wheh is not shown in the figure.

GPIB
IEE-488

Tetronix TDS-1012B

usB

Santec A Power
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—p N-ewport
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m \. Customized Software
Polarization Fibm

controller

On-Chip As,Se; Microresonator Array

Figure5.13: Schematics of experimental setup usadlie optical characterizatiari
microreso@tors.

In order to begin optical characterizations, one of the resonators in the
microresonator array is positioned by the piezo stage close to a tapered fiber assuring
alignment with the equator of resonat@ee Figure 5.14), and polarization was
adjusted for optimum light coupling. Laser wavelength can be scanned continuously
for a desired wavelength range up t® n with scan rates from 1 nniégs100nms.

For shgle mode measurements, we set scan raa@® pm and scan rate as 1simn/
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order to increase wavelength resolution ¢(puidometer). First channel (X axis) of the
oscilloscope is connected to analog output port of external cavity laser producing a
chainof triangular voltage pulses corresponding to the wavelength scan range and
second channel (Y axis) is connected to output port of optical power meter to measure
the transmission. Using acquisition of dual channel data-k f&rmat provides
optical tranmission spectrum of microcavity under test.

Optical characterization of microcavities is managed by a custom developed
software written in C# programing language using MS. Visual Stin#62013 IDE.
The user interface can be seerfFigure5.15. The software handles data acquisition
from the oscilloscope reading wavelength and power channels and implementing a
calibration process where a linear fit to the wavelength channel isad$ed start
and stop wavelengttiatapoints in the time axis (séegure5.16). After calibration of
both axis, data can be plotted in wavelength)(wenpower (W) format by the software
during data acquisition. The software also adpwstfiguration settingsmanage
communications with devices using data buses shovrigure5.13 as well adata

acquisition from3 axispiezo stage and optic spectrum analyzer (@B389.

Tapered fiber

Figure5.14: Tapered fiber coupling to a microsphere cavity resordtdb um in radius
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Figure5.15: User interface of the developed software for optical characterization of
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Chapter 6

A New Route for Fabricating On-Chip

Chalcogenide Microcavity Resonators

6.1.Introduction

The development of strategies for mass production and multiple integration of
optical microresonators in photonic circuits Heen a subject of intense research,
aiming to reach the full potential of their technological exploitation. Among the
different types b optical microresonator§36], especially surfacéensioninduced
whispering gallery mode (WGM) microresonatamsthe form of spherefs6] and
toroids[57], are the focusfanterest, regarding their compact shapes with atomically
smooth surfaces which enable the highest temporal and spatial confinement of light in
terms of quality factor Q O °)0Gand mode volume, reducing the threshold for
nonlinear optical interactions such as thirdnhainic generatiof49] four wavemixing
[50], and Raman lasinfp1l]. Utilization of these appealing features has resulted i
myriad applications including lowhreshold laserfs3], frequency comb generators
[54], and extremely sensitive biological ns®rs[52]. However, spherical WGM
resonators have limited functionality due to the restriction of theghimintegration
by shape and a priori unknown eccentricity. Resonators aittefnite state of
eccentricity can be obtad by deforming a sphere between two solid plates,
compromisingspherical symmetry82]. A current stateof-the-art technology is the
toroidal silica microresonator, produced by lithaghy and high power laser raifl
techniques, which seem to have an advantage for mass production -ahg on

integration. Unfortunately, the production demands individual surface reflow for each
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and every resonator with high temperatures (above 1000 °C), hindering the integration
of other optical componentsn the same substrgi@&3]. In addition, using silica as a
resonator material makes optical coupling to anclip high refractiveindex
waveguide highlyinefficient. Alternatively, chalcogenides have recently been
considered as a material factive and passive resonant media because of their high
refractive index ( n = 213.4), wide midIR transparency window, extraordinary high
nonlinearity, photosensitivity, low twphoton absorption, low phonon energy, and
ability to be doped by most ofie¢ rareearth element§4, 7]. Even thoud their Q-
factors (<7 x 10) are not as high as that of silica WGM resonators, thresholds for
some nonlinear optical interactions are on the same order of magnitude,tdei to
high nonlinearity{12]. Nevertheless, similar obstaclesist before the full utilization

of the chalcogenide microresonators, emerging from the exclusive nature of their
production and integration phases. Methods compatible to mass production can
produce hundreds of polydispergghere484, 85] However, spheres with a desired
shape and optical quality need to be separated the debris by very elaborate and
laborious techniques, and manipulated by their attachareatfber tip[10] or using
optical tweezer$58]. Other methods, similar to production of silica spheres, rely on
melting thetip of a chatogenide fiber by laser heatifi§6]. Although thee spheres

are attached to abfer stem, allowing them to be easily manipulated, high yield
production is not possible due to the very nature of the process and the eccentricity
caused by thetem[87]. Besides sphres on a fer tip, an additional example for the
in-situ formation of WGM resonators is photoinduced mickiigaresonators in
chdcogenide microfiberg88, 89] The integration of a single chalcogenide sphere
coupled to a tapered fiber has been demonstrated by packaging the system Msing a U
curable polyer [90]. Another route towards the production of chalcogenide
microspheres is to induce the Platégayleigh (PR)capillary instability91, 92]in a
chalcogenide ber, which was first shown by optical fusing the bare core in the midai
[85] and recently ira polymer cladding for smallder lengths (<1 mm) bysing a
tapering proces®3] and a local heat treatmef@4].

In this chapterwe report a novel versatile method for the high yield production and
onchip integration of selassembled globallgriented highQ WGM chalcogenide
microre®nators with surfacéensioninduced spherical, spheroidal, and ellipsoidal
boundaries with sunanometer roughnef26]. The production involves the formation

of chalcogenide mrospheres within a polymerbfie r o f extensive | e
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which was accomplished by preserving the integrity of the polymer cladding during
thermal treatment. The transformation bése spherically symmetric resonators en
masse into axisymmetric or asymmetric resonators was conducted by controlled
plastic deformation. By using a special polymer as an adhesive layer in the integration
phase, we demonstrate the nparfect transfer ahattachment of the microresonators
embedded in the polymer fiber on any substrate, preserving their initial symmetries.
As a result, novel oghip chalcogenide WGM resonators are introduced to the WGM
microresonator family. By optical characterizationtbé spherical and spheroidal
microresonators, we routinely obtain very higHactors: up taQ. = 3.1 x 18 which

is, to our knowledge, the highest load@dactor ever measured in /& WGM

microresonators evanescently coupled to a silica tapered fiber.
6.2.Fabrication of Chalcogenide Microcavities

For the production of chalcogenide WGM microresonators, matanal fbers,
which consist of a chalcogenide glagss.Se) core and a thermoplastic polymer
polyethersulfone (PES) cladding, were used in this sththers were obtained as a
result of the size reduction of a preforeeéFigure2.3(a)) by themal drawing in a
fiber tower ¢eeFigure2.3(b)). The amorphoués;Se; rod used in the production of
the preform was prepared from high purity As and Se elements using asepldd
meltquenching techniqui24] (see Chapter 2)2As a result offiber drawing, we
obtained fibersgeeFigure2.3(c)) with different diameters, ranging from 1 mm to
30 em, cor r eSpocenlidmetergrangiogfrAa00 e m t o 6 & m.
to produce a long chain of uniforAs,Se; microspheesembedded in a PES#r, we
developed anovel thermal treatment technique, which is based on extensive
conwective radial heating of thebier with a conformal polymearover preserving the
integrity and straightness of the claddatgelevated temperaturéseeFigure6.1). A
long uncovered berwith free ends on a hot plate was observed to be bent or even
twisted while releasing the built tension originating from théhermal drawing

process.
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Vacuum Tape

Figure6.1: Formation of spherical microresonators in centimeter long polymer fibers.
In order to produce a long chain of uniform:8& microspheres embedded in a PES
fiber, a novel method was developed, which takes the advantagawactive (non
contact) heating of fiber under a conformal cover assisting integrity and straightness
of the fiber during the process. (a) A 12 centimeter long fiber was accommodated on
a 10 mm diameter glass tube and (b) covered by a supporting vacwifiKsgion

tape) which can stand high temperatures (over 320 °C). In order to eliminate contact
heating of fiber, the glass tube was isolated by two circular Teflon spacers from the
walls of a custommade tubular oven. (c) The tubular oven supplies negessdorm
heating with circular temperature distribution inducing PR instability in the fiber core.
Releasing builin stress, length of the fiber finally was reduced approximately to the
half of initial length. After 15 minutes at 300 °C, chalcogenide potymer cladding

fiber turned into a long selissembled chain of microspheres held immobile in the
cladding. After removing the cover tape and cutting uneven ends of the fiber, 5
centimeters long product, which is the longest fiber with embedded nhen@sp
reported, was obtained at the end.
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On the contrary to the processing conditions to which a fiber is exposed during fiber
drawing, such as sudden cooling undégrsion, thermal treatment of /A& core PES
cladding fber at elevated temperatures (2BDO °C) for substantial times leads
ultimately to breakup of the continuous core into a chainseff-assembled spheres
and intersphere satellites, due to overwhelming of surface tension against viscous
forces. In ordeto understand the dynamics of PR instability and the evolofidime
fiber core, ging temperature dependent viscosit@sbioth materials (seeigure6.2)

a two dmensional axisymmetric numerical finite element method simulation was
performedy using the Fluid Dynamics Module in COMS@@ir the modeling of heat
mediated microstructure formation

Simulation andexperimental snapshots of-fifber microsphere formatiorfsee
Figure 6.3(a, b)) reveal that amplitude of the dominant sinusoidal modulation on the
core surface grows over time until piroff, at which point detachment occurs,
leaving a smaller structure in the midébgosed to the same instability over and over
again, resulting in a fractal pattern of main spheres with satellite sphere# ciddse
Satellite and suisatellite sphere formations can be observed down to the 5
generation, where the fractal processrdually stops reaching sulicrometer scales
(seeFigure 6.4). Instability wavelengths, which are spatial periods of the structural
perturbationson the fber surface, determining the separation between the largest
spheres at fiber core brealp, are given as a function of temperature along with the
experimental and theoretical comparisons, and characteristic times fdireakaip
are given inFigure 6.5 and Figure 6.6, respectively.Precompensating the ber
diameter or adjusting the ratio of core diameter to outer diameter, a wide range of
sphere sizes (1 mni 1 € m) can be obtained. Fi be
microresonators were produced as long as 5 cm in lerggshoavn inFigure 6.3(c),
limited only by the length of the tubular oven. However, uneven distribution of
temperature or of stress caused by the conformal cover can result in unequal

separations between main spheres.
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Figure6.2: In our simulation, we used temperature dependent viscosities for both of
the polymer cladding and the glass core. TheSAsand PES viscosities were
determined by the universal logarithmic modéks, 96] For the PESwe performed
rheometry measurements to make sure that the viscosity used in the model was realistic
and also consistent with the viscosity specified by the palynamufacturerPES,
Specs). The PES model consists of two parts which are Model 1 (Arrhenius) for high
temperaturesand Model 2 with slightly varying activation energy for low
temperaturef96] Even the first order approximation of all Arrhenius relation gives
more accurate modeling of PES viscosity than assuming a constant viscosity. This is
because the viscosity contrast determines not only the instability wavelength, but also
the characteristiime.
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Figure 6.3: Simulation and experimental snapshots showing the evolution of
microsphere formation in the 4Se; core of a PES cladding fiber by PlateRayleigh
(PR) instability. (a) A finite element fluid dynamics simulation discloses clearly the
dynamics of PR instability occurring in the fiber. (b) Initially intact 80 um diameter
chalcogenide core of the polymegadding fiber turns into a sefssembled chain of
160 um diameter spheres and smaller satellite spheres embedded inside the fiber, in
15 minutes at 300 °C. (c) A photograph of a 5 cm long PES cladding fiber with
embedded AsSe; microspheres.
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Figure 6.4: Fractal process of microsphere formation by PlaiRayeigh instability.

(a) Optical microscope pictures show fractal nature of PR instability occurring in a
fiber core. Successive optical micrograpsf the fiber, showing inner struceuwith
increasing detail aréaken by using 5X, 10X and 20X objectives, respectively.
Although the process is sajtienching after a number of generations finally reaching
submicron scales, satellite and satellitesphere formation between main spheres
(the first generation) can be seen down'tayBneration. Numerical simulations also
reveal same fractal pattern offiber sphere formation. Numbers5lin the figures
indicate number of sphere generations. (b) Rule of thumb is as simple as graphically
represented by the figure; i.e., for everytnganeration, two smaller satellite spheres
are supposed to reside at the sides of larger spheres of previous generation.
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Figure6.5: Theoretical comparisons of instability wavelength with experimental data.
Comparison of the temperature dependent normalized (with respect to the initial core
diameterd) average instability wavelength of experimentally produced micro
spheres and thestically calculated data based on Tomotika m¢@#&] and our 2D

finite element numerical simulation. At low temperatures, the simulation coincides
very well with the experiment, while Tomotika model cestimate the instality
wavelength. When the temperature is increased, both the simulation and the analytical
models undeestimate the experimentally measured instability wavelengths. The best
agreement between the three data sets is at moderate tempefatugs3600 °C).
Therefore, we chose this range for comparing the results of experiments and simulation
of sphere formation.
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Figure 6.6: Characteristic time of fiber core break. The variation of the
characterigt time ¢) as a function of temperatufe The characteristic time is defined
as the time at which the breab starts. The logarithmic decreas¢ wiith temperature
follows two different activation regions intersecting at a point, which coincides with
the viscosity contrast turning point (around 3C0as in Figure.2).
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Using continuous volume preserving transformations of the alheri
microresonators induced by controlled plastic deformations in a custom made setup,
we produced 3D ellipsoidal asymmetric resonant cavities (ARCs) with arbitrary
eccentricity. ARCs, intrinsically possessing emission directionality, are impdotan
laser applicationd97] as well as for fundamental studies of classical and quantum
chaos, due to the resemblance between the Hamiltonian dynamics of a point mass
moving in a 3D space constrained by hard syalhd the ray dynamics of the light in
a wniform dielectric cavity{59] Also, recently, enhanced energy storage in deformed
opticalresonators was reportgeB].

Mechanical deformation of a PE®Iymer fiber enclosing an ASe; microsphere
array between two parallel glass plates at a temperature of 280 °C, which is &bove th
glass transitions of the ASe; ( Ty = 170 °C) and PESTgy = 220 °C), transforms the
array of spheres into an array of triaxial ellipsomisd fnallyinto an array of
shapedo bodi es ¢ tpenbialbridisectianttoithelfertaxdsgbedause a p e
the fiber yields readily in thidirection. Schematics of theb&r deformation process
between two parallel glass plates in a high temperatunada and deformatiosetup
can be seen irFigure 6.7(a) and Figure 6.8, resgctively. Optical reflection
micrographs of deformed fibers can be seeRigure6.7(bi d). The specular Fresnel
reflection R = 22%) from the surface of resonators can be used to easily discriminate
spherical and ellipsoidal cavities. We used dichloromethane (DCM) to dissolve PES
cladding and to reveal -sipdapped cabyi teilds .p:
electron microsqoy (SEM) micrographs of the resonators giverfFigure 6.7(ei g)
show that it is possible to obtain smooth surfaces after deformations in a polymer
encapsulation. SEMicrographs irFigure6.7(h, i) show profile views of ellipsoidal

and Acigar shapeodo cavities.
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Pressure

Figure6.7: High yield production of 3D asymmetric microresonators via continuous
volume preserving transformations induced by controlled plastic deformations. (a)
Schematics of fiber deformation between two parallel glass plates in a high
temperature furnace. Mechanicafdrmation of a PES polymer fiber enclosing an

As;Se; microsphere array at a temperature above Thef the both materials,
transforms (b) the array of spheres into (c) an array of triaxial ellipsoids, then into (d)

an arr ays hoafp eflodi ghaordi es gl obally oriented
fiber axis. SEM micrographs show (e) spherical, f)elp s oi dal -samap dy)
cavities extracted out by dissolving the PES polymer cladding in DCM. SEM

mi crographs show (hpshealpkiopsesdaltand {in)
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Figure 6.8: Microresonator array deformation setup. Experimental setup used for
deformation and integration of microresonator arrays is actually a contact angle
measuring system (DataPhysics OCA30) possessing a high temperature furnace (up to
400°C) with temperate control. The system consists of a CCD camera, a long
working distance microscope and a light source for process monitoring, an electrical
furnace with two hotplates on top and bottom sides, and a z axis motorized stage under
the furnace and a cylindrichar attached to a z & y axis linear stage for alignment and
deformation operations. Inset shows a fiber with embedded microspheres ready to be

compressed.
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6.3.0n-chip Integration of Chalcogenide Microcavities

High yield production of spherical and ellipdal resonators inherently ordered in
a polymer encapsulation can provide a unique advantage for multiple uses of these
microresonators in photonics circuits, which is a critical barrier impeding their further
development for relevant applications. Exptagt this advantage, we developed a
method enabling eohip integration of the chalcogenide microresonators with various
shapes and sizeédrrangements of caes using conventional approachies the
integration areshown inFigure 6.9. In this new method(seeFigure 6.10(a)), the
integration process involves two steps, which are the preparation of the substrate and
the fiber encapsulation of anr r ay of mi croresonators. We
coverslips as substrates, though there is no restriction for the substrate material. The
substrates were spin coated with poly(vinylideneflueddérifluoroethylene)
P(VDF co -TrFE) solution for 45 sat 6500 rpm. The solution was prepared by
sonification of P(VDF co -TrFE) (30 g) in dimethylformamide (50 mL). Substrates
were then placed on a hotplate at 100 °C for 1 h to accelerate solvent evaporation.
After numerous trials with different polymers ME{F- co-TrFE) was found to be the
most convenient as an adhesion layer regarding its lowtgdasstion temperaturd §
=80 °C), high adhesive forces towards chalcogenides, and chemical resistance against
DCM. As for the preparation of the fiber, pattabrasion of the cladding was achieved
by a simple sandpapering goess exposing the bottoms of the embedded
microspheres asontact surfaces for adhesiofo faciitate sandpapering process,
fibers were attached to glass plate with double sided bidweaisexposed parts of the
fibers were rubbed against sheets of SiC sandpapers with size of abrasive particles
decreasing from 5 & m prooessliiers were refeisedcefrom s a n d |
the glass plate and cleaned by sonification in isopropyl aldoh10 min.

Optical micrographs of top, side, and bottom views of the fiber after sandpapering
operation can be seenigure6.10(b). The resulting fier was transferred manually
onto the substta spin coated with a P(VDEo-TrFE) polymer and then heated to
promote adhesion up to a temperature of 210 °C, which is below the Tg BEh
cladding, but above thegTof the AsSe core and the P(VDFco-TrFE) coating.
Finally, microresonators with their bottoms attached tosiestrate surface were
revealed by selective dissolution of the encapsulating PES polymer in DQ@vtler

to remove the PES encapsulation of the microresonators integrated onto a substrate,
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Figure6.9: Conventionalintegrationapproaches: a) Microcavities attached to fibers.
b) Manually arrangeellipsoidal cavitiesc) Spherical cavity om sticky tape

we flushed the substrate with fresh DCM until most of the PES cladding dissolved
away, then the subsitie was placed in a fresh DCM solution for 1rig finally flushed

over with fresh DCM again to remove dibged polymer residues. As anéil
treatment, substrate with integrated microresonators was placed in a vacuum oven at
50 °C for 2 h to evaporatesidual DCM.During the dissolution process all satellite
cavities, which are smaller than the main cavities, are also flushed away
spontaneously. This integration method enables the transfer of cavities on any
substrate without any shape distortion, préser the initial symmetry, due to
protection by rigid PES encapsulation. An optical micrograph aftop wellordered
spherical chalcogenide WGM microresonator can deen in Figure 6.10(c).
Integration of spherical microresonatorgedtly onto the metal surfaces also
possible (se€igure6.10(d)); however, it requireeemperatures higher than thg of

PES, which is not suitable for n@pherical cavities due to the softening of PES
encapsulation, and surface tension compromising thesplerical symmetry at
elevated temperatures. Ellipsoidal microresonators integrated fDde- co -TrFE)
polymercoated surfee can be also seenkigure6.10(€).

Another microcavity type with a different symmetry can be produced by
compressing the eohip microspheres upside down on a hot plate after their
integration. Because of the diffeteboundary conditions compared to those inside a
polymer fiber, axisymmetric plastic deformation is favorable in this case and
spheroidal microresonators with arbitrary elliptic cross sections can be easily
produced. SEM micrographs of-@hip sphericaligheroidal/ellipsoidal chalcogenide

WGM microresonatoarrays are shown iRigure6.11(ai c).
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Figure 6.10: High yield production and eohip integration of chalcogenide WGM
microresonators on an arbitrary substrate. (a) The process starts with fabrication of
As;Se; core PES cladding fibers by thermal drawing. Therfjker microsphere
formation is induced by PR instability at elevated temperatures. As a third step, partial
abrasion of the fiber cladding is achieved by a simple sandpapering process, exposing
bottom sides of the spheres as contact surfaces for adhesion. In the fourth step,
resulting fiber is transferred manually onto a substrate spin coated with PI{NABE}y
polymer and then heated to promote adhesion up to a temperature of 210 °C, which is
below theTg of PES cladding; however, above thgof both AsSe; core and P(VDF

TrFE) coating. At the last step, the largest microcavities attached to the surface, can
be released from the encapsulating PES polymer by selective dissolution in DCM,
which has minimbeffect on the substrate polymer coating. All satellite spheres are
also flushed away spontaneously by the dissolution process. Optical micrographs show
(b) top, side and bottom views of the fiber after sandpapering one of its sides, (c) on
chip sphericalchalcogenide microresonator array, (d) spherical microresonators
directly integrated on goladoated surface without any polymer coating, and (e)
ellipsoidal microresonators integrated on P(WVDIFE) polymer coated surface. All
scale bars are 100 pm.

S, Ses FPES P(VDF-TrFE) Substrate
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Figure 6.11: SEM micrographs of oghip spherical/spheroidal/ellipsoidal
chalcogenide microresonator arrays. Claps of some individal resonators in top

and profle perspectives, show quality of prodoct and orchip integration such as

the alignment of characteristic features (like equator plane), eccentricity, smoothness,
and cleanliness of the resomasurfaces. (a) Top and prefiSEM micrographs of
spherical AsSe; microresonator array and a siaghicrosphere. Average diameter of
spheresislae= 124 . 4 em with stand%rAsbcadleewséeat i on
in the profle of the resonator, transfer and integration of the microsphere is
accomplished with a very low aspherical deformation, agwod degree of parallel
alignment of the equator plane with respect to thessate surface. Top and piefi

SEM miaographs of (b) a spheroidal A microresonator array and a single
microspheoid, and (c) an ellipsoidal ASe microresonator arraynd a single
microellipsoid.
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6.4.Optical, Material and Surface Characterizations

Energy dispersive Xay spectroscopy (EDX) results obtained from the surfaces of
onchip microsphere resonators demonstrate the consistence of the abmiof r
As;Se; (seeFigure6.12), besides showing that no impurity or residual polymer exists
on the surfaces of microspheres after the dissolution proEesthermore, we
conducted atomic force microscopy measurements for the quasetitatiface
characterization of the microresonators.-®abometerrmssuf ace r oughness
nm)was found from a 500 nm x 500 nm surface scan on top pglanref an ellipsoid
(seeFigure6.13).

We used taperesilica fiberswith submicrometer waist diametef@7400 nm) to
evanescently couple light into these resonators and to capamsmission mode
spectra [Figure 6.14(ai d)). Schematics of the experimental setup used faical
characterizations of micresonatorsand of tapered fiber coupling to WGMs of-on
chipsphericakavityresonators argiven in Figure5.13andFigure6.15, respectively
In order to eliminate themo-optic effects (se€igure6.16), we used very low optical
input powers D100 nW). Wavelength scanning ranges of the external cavity laser
were set as 12 nm and 50 pm for #loguisition of two free spectral range (FSR) wide
spectra and single mode wide spectra, respectively. An adjustable polarization
controller was used to maximize optical coupling into TE modes.

Despite the refractive indemismatch between the silitapered foer ( n = 1.44)
and the chalcogenide microresonators ( nh = 2.83) in the wavelength range of interest,
it was possible to observe optical couplings to spherical and spheroidal
microresonators, féddated by a taperedilica fiber with submicro meter waist
diameter, and resonators with small radd2(5 € m) . The strength
coupling critically depends omb parameters: the amount oélfli overlap, and phase
matching between tHéer modes and the WGM$3]. Excitation of modes with high
radial mode numbers are more favorable than low order modes in our case, because
high order radial modes have low propagation constants, reducing phasatchis
and higher evarseent feld fraction outsile the cavity, enhancing theslid overlap
Reducing the size of the cavities also enhances optical coupling, which is in
accordance with our experiments on micr ol

We observed a series of resocaulipscorresponding t8WGMs of amicrosphere
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Figure 6.122 Characterization of microresonator material compositiBnergy
dispersive Xray spectroscopy (EDX) results obtained fromaobip microsphere
resonators which were extracted out of their PES polymer encapsulation using DCM.
EDX is attached to FEI Quanta 200 FEG SEM system. Peaks represent consistence of

the atomic ratio of AsSe;. Besides, there was no impurity or residual polymer
observed on #hsurface of microspheres after the dissolution process.

1.25 nm
0.63 —

0.00

-0.63

-1.25 -

Figure6.13: AFM surface characterization of an ellipsoidal microresonator on (500
nmx500 nm) top polar region shows sudmometer rms surfaceo ughness (0
nm).
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Figure 6.14: Optical characterizations of arhip spherical and spheroidal
chalcogenide microresonators. (a) Transmission spectra of geAnicrosphere
resonator of 50 em in diameter. Coupling
as 10dB. FSR 5 6.39 nm. (b) Lorentziantfio a resonance dip at 1551.858 nm shows

that the FWHM and loaded quality factQr of the resonance mode are 41 pnd

3.1 x 13, respectively. Inset shows evanescent coupling of light into the microsphere
resqator using a tapered silicabér with a submicrometer waist diameter. (c)
Transmission spectra of an A3Smi cr ospheroi d resonator 0
diameter. FR is 5.22 nm. (d) Lorentziantfio a resonance dip at 1571.589 nm shows

that FWHM and loaded quality fact@i of resonance mode are 7.2 pm and 212Px
respectively. Inset shows evanescent coupling of light into the microspheroid resonator
using a tapered silica fiber.

Figure6.15: Schematic ofhetapered fiber couplig to WGMs of orchip spherical cavity resonators
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Figure6.16: The resonance dips in the spectra ob®e& microresonators were observed to
red-shift with increasing incident powers for both directions of wavelength scans. Although
an unshifted resonance dip (red), which was captured using very low optical powers @ith 30
pm scan range and 1 nmscan speed, has a regular Lorentzian shapeshiétéd versions of

the resonance mode (bl ue, bl a[@8SinceAsSehas char a
relatively high absorption coefficients as compared to silica in this scan rangshiftecf

modes are expected, due to the heating of the resonator via absorption of the coupled light
resulting in a thermal change of the refractive index and thernpginsion of resonator
diameter. Reduction in the coupling strength is another manifestation of tbetineffect,

caused by insufficient scan speed at some power levels for which wavelength shift can be more
thanline width of the resonance mode at sonoénp during wavelength scannif@g].
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(D= 50 em) and an Dbl &87eem)cwospher aind mf{ s
10 dB. Resonance mode splitting can also be seen in the spéenaiorospheroid
(seeFigure6.14(c)), because of the broken degeneracy of azimuthal modes. In single
mode spectra, a full widtat half maximum value (FWHM) of 4.9 pm was obtained
by a Lorentzian fit to the resonance mode of the microsphere at 1551.858 nm,
corresponding to a loaded quality factor @f = 3.1 x 10 associated with a
transmission depth df = 4.6 dB (sedrigure 6.14(b)). The average of the loaded
quality factors we measured@we=2.9x10wi t h a standard devi a
10° . Similarly, a FWHM of 7.2 pmwas obtained by a Lorentzian o the resonance
mode of the microsm@roid at 1571.589 nm, corresponding to a loaded quality factor
of QL= 2.2 x 18, associated with a transmission deptiKof 6.2 dB (ge Figure
6.14(d)). The maximumQ-factor reported for AsSes WGM resonators i€Qmax= 2.3
x 1P, which was measured using a phase matched silicon waveguide evanescently
coupled to a microsphere produced on the tip dber [B9].

Experimentally measured quality fact@ps are described by the expression

pf0  pI0  pA (6.1)

written in terms of intrinsi€in and extrinsidQextquality factors, which are determined
by resonator related losses and coupling losses, respectively. The intrinsic quality
factor of WGM modes of microresonators are determined by several factors

pf0  p70 pf0  pT0 (6.2)

such as radiative losses, scattering losses, due to surface roughness and contamination,
and material absorption losses. For intermediate size resonBt®s Q0 ) svith sub
nanometer surface roughness (0 < 0.6 nm)

contaminantsQ-factor is only limited by mafial losses and given f&l]

0 ¢ _ (6.3)
where U is aibnsmirsp trieofnr accoteifvfei i ndex and o
mat eri al absor pt i'baofiaconmefiflly available ASeldlass 1. 6
at 1550 ni(seeFigure6.17(a)), the absorption limited intrinsiQ-factor was found to

beQmat= 7.2 x1(P, which is the maximum limit for experimentally obtainatielity

factors (se€&igure6.17(b)). In addition,all WGM modes of the cavity suffer from the

optical coupling process as well. The amount of coupling loss depends on phase
matding and the &ld overlap of modes determined by mode order, radius of the

cavity, radius of the taperedr, and thair gap between tine[76].
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Figure6.17: Optical properties of a commercial & glass[100] are given in terms

of (a) refractive indenand absorption U as function
U= 1.6 m* at 1550 nm(b) Absorption limited quality facto®aps can becalculated

from (n, U data, a® ¢ &_|. Qasfor As;Ses is found to be 7.2xf0f or o =
1550 nm anah = 2.83, which is an upper bound for intrin§efactorsin the case of
ultraasmooth and clean resonator surface. AlthoughSashas relatively high

absorption compared to silica restricting its use as nonlinear optical material, it is a

very promising material for microresonators in Al applications, due to low
absorption and high Kerr nonlinearity.
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By adjusting the air gap, the quality fact@¢ set by coupling loss can be tuned to
achieve differentegimes of couplingwhere transmissiom drops to zero K = 1) at
critical coupling. Using the measured loaded dudkctor Q. = 3.1 x10° and the

transmission dept = 0.65in thefollowing derived expressiof66],

0 ¢0 p Wp O T (6.4)
we calculated the trinsic quality factor af)o = 0.76 x 16, correponding to an
absorption coefi i e nt 'l It can bk Bongidered to be on the order of magnitude
of absorption limited quality factd®mat of As:Se. The discrepancy is assumed to be
caused by a highaptical absorption in our synthesized chalcogenide glass or water
condensing on cavity surfaces in lab conditions, at which we observed one order of
magnitude degradation in tlg-factors of chalcogenide microresonators held three
weeks in lab conditionsWe could not detect any transmission dips in the mode
spectrum of triaxial épsoids with tapered silicalders favoring only coupling to high
order modes; however, we can directly observe light coupling into the-gllgsoids
by thermal imagingseeFigure6.18). The reason for the absence of transmission dips
in the spectrum of ellipsoids could be due to the expected complete suppression of
high order modes in deformed resonataoifs high eccentricity[101] or some
mechanisms similar to Arnold diffusion in the phase space of 3D ARCs, resulting in
Q-spoiling with refractive escape of lightt02], which require further theoretical
studies of ARCs in 3D. Nevertheless, phase matched waveguides can be used to couple
light evanescently into low order modes of ellipsoidal microresonatorbdere
transmission dips.

In summary, we have developed a simple, scalable, and lithoghagghynethod
for the production and echip integration of higlQ factor WGM chalcogenide
microresonators with spherical, spheroidal, and ellipsoidal boundaries with
subnanometer surface roughness. High yield, low cost production of hundreds of self
assembled chalcogenide microresonators was achieved inducing PR instability in
extended lengths of a multimaterfaber. Since PR instability is a wedktablished
phenonenon, our production and aip integration scheme are not limited to3a
and can be applied to other important optical materials includies§ASI, Ge, and
SiO, which can be turned into microcavitiesidessuitable cladding materidls03-
105].
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KEllipsoid

Tapered Fiber

Figure6.18: This snapshot of a movie recorded by a thermal camera, sipiieal
coupling to an ellipsoidal microcavity using a silica tapered fiber approaching from
the bottom. Bright spot on the left in the middle is an ambient scattered light reflected
from the surface, which is irrelevant to optical coupling with the tajpfoer.

Furthermore, active chalcogenide resonators can be made by doping with rare earth
elements for orchip laser applications. Utilizing the shape preserving protection of
the polymer encapsulation, ngagrfect transfer of the embedded microresmrsat
onto any substrate in a globally oriented fashion is demonstrated. We observed loaded
Q-factors as high a@. = 3.1 x 18 in our onchip microcavity resonators. To our
knowledge, it is the highe§-factor ever measured in #£3 microresonators with
silica tapered fibers favoring optical coupling only to high order WGM modes. Easy
onchip integration of highly nonlinear hig® microresonators can pave the way for
new or extended exploitation of photonic devices in applicattuth as midR
sensors fothe detection of molecular fingerprints, frequency comb generators for the
generation of ultrgoure microwaves, ultrbbw threshold microlasers with emission
directionality, electreoptical tunable filters or modulators for optical communications,

and opical logic gates foall-optical processors
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Chapter 7

Electro-Optic WGM Resonator Based

ChalcogenidePhotonic Devices

7.1.Introduction

Tednological advances in recent yeavih ever increasing data requirements
demands all optical circuits which can handle data communications well bthyend
current capacity of electroni¢s06]. Such photonic solutiorfer data communication
will be integrated otthe top ofelectronic chips thatan efficientlyhande computation,
therefore inaddition to the atbptical capabilities, electroptical materials are needed
for a higher device functionalitlthough linear electraptic materialg107] such as
LiNbOs3 are currently used in photonic circuits as modulators, they laakpadal
signal processingapability due tahe second order nonlinear effe€@n the other
hand, thequadratic electrmpticaleffectis too weak to be useful or requires very high
voltages to operaténe solution to this problens to employresonantcavities of
hi ghl y rPonaterialsite enhance quaticeelectrooptical Kerr effect

Chalcogenides aralready exploited for Ieoptical phdonics applicationd16],
however utilization ofelectreoptical Kerr effect in a chalcogenide cavity has not been
shown before.Combining quadratic elém-optical capability withoptical Kerr
nonlinearity[108] in micron scale chalc@pide disk cavities is expected to pave the
way for a myriad new applications such as tunable frequency comb gengr@8irs
tunable sources of nerlassical states dight for quantum optic$110], and cavity
guantum electro opticeL11] as well as tunable filterfl12], ultrafast modulators

[113], microwave photonic receivef¥14], optoelectronic oscillatofd 15].
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7.2.Simulation of WGMs in an Electro-optic Cavity

We useCOMSOL 4.4b WaveDptics Module (electromagnetiavaves frequency
domain andelectrostatics stationary interfgd®e find WGMs in a microdisk cavity
between two metal plates under an applied voltag8imulations are based on 2D
axisymmetric finite element method (FEMNe usecoupled phgics property of
COMSOL. Two simulations with different physics can be done concurrently or
successivelyln the electrostaticsimulation, the electric potenti®d is first solved,
electric vector fielcE is found by

e) e (7.2
Combining this equation with the constitutive relationship between dielectric

displacement vectdd and electric vectoE

® --0 (7.2
and using Gaussb6s Law, we obtain the foll
t--ne " (7.3)

where- is the permittivity of vacuum is the relative permittivity of the mediym
and} is space charge densifihis equation, which describes the electrostatic problem
in dielectric materials, is solved by COMSOLarially symmetrc geometrylIn the
electromagnetic waveimulation,E field is given byEquation4.35and the Equation
4.36is solved for the axially symmetric geometry.
Simulation domain is a half circular area of 60 pmradiusand outershell is
perfectly matchayer PML)of t hi ckness afhewML layéranssbs1 55 0
all radiated waves from the cavifihe disk cavity, as shown in tikégure7.1(a), has
a radius o5 pm, height of 25 pmrefractive indexn of 2.8 and nonlinear refractive
indexnz of 2.3x10% (M%W) [9]. Refractive imlex of air domain is taken asir = 1.
The electrodes have 3 um thickneSge of thedensesiesh isf7, whichcan be seen
in Figure7.1(b). The mesh si ze i n Ibdieetrodaltk simuatpn,on i s
zero charge boundary conditios applied to outer layer, an@érb andVex: electric
potential boundary conditicare applied to bottom and top electrodes, respectively.
electromagnetic wave simulatigeerfect electric conductoPEQ boundary condition
is applied on theelectrodes, and PML conditiors iapplied to outer shellsing
parametric swep property o€EOMSOL,we sweephe applied voltag¥ex: parameter
from 0 to 200 V. We first solve electrostatic problem and tiherelectromagnetic

wave problem for each and every parameter.
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Figure7.1: (a) Atwo dimensional axisymmetrisimulation based oREM is used to
analyzeNGMs in a electreopticchalcogenide diskavity, which is a sphetemmed
at both polar regiongb) Different size formesh elementareused in the simulation
Thedensstmesh isvhere WGMs are located, i,@roundequatoriakegion.

Figure7.2: The result of the COMSOL simulation showsuadamental WGM inma
electrooptic disk cavity resonatorunder an applied voltagd-irst electric field
distributionis found, which iscaused by th@otential differencebetween thegold
electrode at the top drtheinfinite plane gold electrodat the bottonof the cavity
The electric fieldnodifies the refractive index of thedty due to electrapptic Kerr
effect. Therefore, Maxwell Equations were solvedibingrefractive indexn(Eex) as

a function ofexternal electric field
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In electromagnetic wave user interfacelative permittivity- is takenas user
defined variable, which is actually a tensor whosgrix elements are written in terms
of electric vector field E of the electrostatics problenin order calculate relative
dielectric tensor, we can start wélectric displacement vectbr, which can be written

in the presence of light wave electric fieldnd applied fieldE as[116]:
o - -p MmO - -r1 3 (7.9)

whereD; is the ith component of dielectric vecdrand- 7 the optical frequency
relative permittivity in the presence ofapplied fieldE andis givenfor a medium of

third order nonlinearityy:

(7.5)
"Rl €117 .. 1 00
wherg is Kronecker delta, anithird order electric susceptibility. 7 is
7.
S 1 1 (7:6)
o
for an isotropic and centrosymmetric medi{d7] and... 170 ¢ - ®& in

terms of nonlinear refractive indew [118]. The term- ; 1T does @t cantribute to

the waveEquationd.36 Inserting Equatior?.6into Equation/.5, we obtain

Rl 11 =—1 0 ¢OO (7.7)

which can also be written in matrix form as:

-Fl—| (7.8)
c0O ©O © ’

% . oo S. oo U

11 o o o 11

H < . .. ©O 60 O < . i

[ -... 0O° £ -... 0O0° n

1l o o o 1l

L] C 00 C 00 - o O dOn

u o_.. O_... O_ U

For our caseEy = 0. This matrix form is defined as a variable in COMSOL
electromagnetic wave simulation to explicitly connect relative electric permittivity

-5 RO of the material to electrigectorfield E found in electrostatics simulation.

Electromagnetic wave solutions are giverrigure7.2 andFigure 7.3.
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Figure 7.3: Figure showdVGMs of different mode order( |, I-m) for (a) TE and (b)
TM polarizatiors inside he disk cavity under an applietectric field.
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Figure 7.4: (a) Distribution of electric field vectorbetween gold electrodeand a
fundamental WGMexpo®d to different refractive indicefr TE and TM modes
whoseelectric fieldsareparallel and perpendicular to the cavity surfaespectively
(b) An isotropic disk avity under an electric fielthehaves aan anisotropic uniaxial
crystal ofextraordinaryé- and ordinan refractive indices.

Under an applied fielseeFigure 7.4(a)), isotropic and centrosymmetric material
behaves as aansotropic uniaxial crystal whose extraordinary and ordinary
refractive indiceg asshown inFigure7.4(b) are:

& ¢ cT (€] (7.9)
and

s 2 g (7.10)
e

and optical axis it the direction of electric field vectdt. Distribution of refractive
index changé”éss at an applied voltage of 100 ¥ given inFigure 7.5 and relative

resonance wavelength shift for TE and TM modes are givEigure7.6.

%107

Figure 7.5: Distribution ofextraordinaryrefractive index changﬁféﬁs at an external
voltage of 100 V
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Figure 7.6: Results of COMSOL simulation showhat the relative resonace
wavelength shift havedifferentquadraticdependence otine applied DC voltagéor
TE and TM polarizationsAs voltage increases, WGMs split duetheir different
spatial modelistributions and asymmetry of the electric field inside the cavity.
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7.3.Fabrication of Electro-Optic Photonic Devices

Fabication and integrationof chalcogenide disk cavitiewith electrodes, as
schematically given inFigure 7.7, starts with normal procedure of obtaining
microsphers inside a chalcogenide core PES cladding fiber by triggeRlajeau
Rayleigh Instability (see Chapter.&fter a simple sandpapering operation for the
bottom part of the fibeand cleaningprocesswith isopropyl alcohol in an ultrasonic
bath it is transferredonto ametal coated(5 nm Cr and 100 nm goldjubstrate.
Subsequently substrate and fiber arexposed to a temperature of 260 °C in a
temperature controlled oven promote adhesioaf chalcogenide cavitieand fiber
encapsulatioto the gold coatedurface of the substratéfter sample is cooled down,

a protective organic layer of colorless nail polishjolihactually consists of a film
forming polymer (nitrocellulose), is applied on thatire surface of fiber and the
substrate. Theeason behind this extra step is three advanthgesessed byhe
process. First of all, protective layer gives extra mechanical strength to the fiber
attached on the surfaegainsthe following second sandpapering process, and keeps
metal surface othe substratdrom geting dirty due to sandpapering residues as well
as it protectsnetalsurface from getting scratched.

A second sandpapering operation can be applied to the top of thmtegrated
fiber for revealingthe surface of the disk cavi{geeFigure7.8(a)). Later, protective
nail polish andhepolymer fibercan be remowkby Tetrahydrofura@fHF) and DCM,
respectivelyto obtainintegrateddisk cavities on a gold coated surface as shown in
Figure 7.8(b, c). Scanning Electron Microscope (SEM) micrographg-igure 7.9
show thaprocedure upo this point is quite feasible, however extregpst are required
to obtaincircularmetal electrodgon the di& cavities So,aftersecond sandpapering
operationgold metakan be depositezh the trimmed fiber surface and4dtf method
can be usedb create circular electrodes on the top of disk cavifiesemoving all
polymer by organic solventsOptical microscope images showing every stepafor
fiber with embedded microdisk cavitiean be seen ifkigure7.10. However, during
polymer dissolution in an organic solvent, it is observed that gold coating (even as thin
as 10 nmjs not tornapartfrom the circular interfaces and instetadls on the disk
cavities as a covdseeFigure7.11) and it is not possible to achieaesuccessful lift

off which resultdnto propercircular electrodes on disk surfaces only by this last step.
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1. As,Se; core and PES cladding fiber

2. In-fiber microsphere cavity formation

3. Lower side abrasion of the fiber

4. Transfer of the fiber on a substrate

5. Upper side abrasion of the fiber

6. Chalcogenide etch by O, plasma
. . . . . L] . L] L] .

7. Gold coating for lift-off process

8. Dissolution of polymer encapsulation

 As,Se, PES mw Gold Substrate

Figure7.7: Fabricationand integratiorsteps ofan electreoptic photonicdevice based
on chalcogenid&VGM disk cavity Processstarts with a chalcogenide core yroler
cladding fiberand ends witlan electreoptic photonic device consists of WGHikk
cavity resonatobetween two integrated electrodes



Figure7.8: Opticalmicrosco images othedisk cavities (a) before and (b) after PES
polymer encapsulation is removieg DCM. (c) Closeup image of a single cavity from
top.

Figure7.9: (a) SEM micrograph®f (a) a disk avity resonatomrray and (b) a single
disk cavity from top and side views.
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