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Evxaplotiec

KaB6An ) odpketa g ekmdvnong e ddaKTopkng pov datpPng otddnkav
dimha pov apwyol moArol dvOpwmol Tov cuvéParay KaBoPIoTIKA GTNV ETLTLYN
0AOKAN PO TG. Q¢ £VOEIEN ELYVOUMOVUVNG TTPOG TO TPOSOTO Tovg Oa Bela
va avaeepfm TopaKAT® G VTOVG Kol TNV TOAVTIUN Bonfeld tovg.

Apykd o n0eia va evyoplotom Tov emPAEénovid pov, Atevbuviy Epevvov
tov LH.A.A, Ap. Zravpo [liccaddkn, o onoiog pov €dmwace v gukapio vo
EPYOOTM GTO EPYOUCTIPLO TOL KO EMIONG LoV TTapelye OAN TNV VAIKOTEXVIKY Kot
EMGTNUOVIKT] VTOGTNPIEN TTOL YpetdotnKa. O1 cLUPOVAES TOV Ko ToL GYOME TOVL
BeAtiooav avapeiofnmmra v moldTnTo TG OOVAELIS OV EVA Ol AVTUAANYES
andyewv Kotd Tn Odpkewn G OAKTOPIKNG Hov dwTpiprig cuvvéfalov
avopeifoia otnv euPdbuvon TV ETICTNUOVIK®OV OV YVAOCEWMV.

2m ovvéyea Ba NBeha va guyaplotom ™V enPAénovca kabnynTpld pov
oto Tunuo Emotung kar Teyvoroyiag YAikav tov IMavemommpiov Kpnng
Mopia Kagpeodkn kabog eniong kot tov cvvemPArénovia kadnynt) oto id610
tunpa, Fewpyro Tetekion. Eniong Oepuécg evyopiotieg Ko oto vrorouro péAN
NG EXTAUEAOVG EMTPOMNG, GTOV OUOTILO KaONynT) Tov TUNUaToC PVotkng Tov
[Mavemompuiov Kpntmg A. Xaporoumion, otov avamAnpot) Kadnynt| tov
tunpatoc Gvowng tov Iavemompiov Kpnng I. Kopivn, oty kabnynrpia tov
Tunquoatog Emetyung kot Teyvoroyiag YAkov tov IMavemotnuiov Kpntg A.
Mntpdxn kot téAog otov gpevvnt) B’ tov EOvikov Idpvuatog Epsvvov X.
Pilio.

Ba M0ela va KAV Waitepn avapopd 6e dVO dTopa TOV ETaiEay Kaiplo poAo
OTNV EMTLYN OAOKANP®ON TOL O0AKTOPIKOD HOL. ApyiKd otov @ilo Kot
ocvvepydtn pov Ap. ['dpyo Broddkn o omolog epyOlEVOS GTO €PYUCTHPIO UE
Bonbnoe ta péylota oTo TPMOTO PALOTO TS EPEVVNTIKNG HOL GTOOLOOPOUING.
E&iocov onuavtikn ftov kot n cuvelseopd tov cuvepydtn pov Ap. Odvccéa

Touunakov o onoiog vrootpiée o€ tepoTio Pabud 10 BewpnTikd PEPOC ™G



dTpPNg, TPOSPEPOVTAS LoV TNV gVKALPia Vo ETEKTEIVD Kot va eUPabive Tig
YVOGELS LOV.

No gvyopiot)om akopo OAo o Atopa e To omoio. cuvurnpEape avtd To
YPOVIOL GTO EPYOCTNPLO PMOTOVIKMY LAIKOV Kol S1otdEemv pe 1dtaitepn avopopd
otV Ap. Mapio Kovotavtakn yio v apépiot fondeid tg.

Oo Mbeha emiong vo €vVYOPLOTNC® OAOVG TOVG GUVEPYATEC WOV OTIG
EMOTNUOVIKEG ONUOGIEVCELS TTOV TOPNYONCaV HEGA amd aLTNV TN SOAKTOPIKN
datpPn kabdS 0 pOAOG TOVS MTOV KOTAAVTIKOG LE 101aiTEPT AvapOopd oToV Ap.
Baoiin Toagd.

[Switepn pveia Ba NBera va kdve ce tpelg pidovg pov, tov Baciin Toagd,
tov Avopéa Agpovy kar tov Xpnoto NToOvAl pe tOvg omoiovg &iyope
EMOIKOOOUNTIKEG EMGTNUOVIKES GLENTNGELG OA QVTA T XPOVIK. KOl Ol OTOi0L
eniong pe PBondnoav ot Peitioon g mopovsioong TG SWOAKTOPIKNG HOV
datppng.

No gvyoploto® eMAEOV OAX TO TOLOIAL TOV LOPUGTNKOAUE QLTA TO YPOVIO,
10 1010 Ypapeio, Kabmdg 0 ypdvoc mov mépaca pali Tovg KOANGE aPUOVIKE Kot
EVYAPIOTA LE OVTOAAOYT YPTOUOV GUUPOVADV.

TéNog o peyadldTepo evyoaplotd Ba NOeAa Vo TO EKPPAGH GTNV OIKOYEVELD,

LoV 01 0Toia. e 6TNPLEE LE VTTOLOVT OAX OVTA Ta. XPOVLAL.

2a¢ euyaplot® 6ilovg!
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Abstract

Whispering gallery mode (WGMSs) resonances are useful for various
applications due to their unique characteristics, such as high Q-factor and
sensitivity to changes in refractive index. This thesis explores the potential of
utilizing whispering gallery mode resonances to study amorphous materials such
as ion-rich glass and silk fibroin protein and to correlate the behavior of the

spectral resonances with their specific optical and mechanical properties.

=  Whispering gallery mode resonances in thermally polarized glass hetero-
fibers with radial symmetry are studied for the first time. In comparison to
the spectral behavior of the fibers in their pristine state, the TE and TM
polarized responses go through a spectral “cleaning” process; higher-order
radial modes are suppressed or eliminated because of radially oriented
thermal poling. The thermally poled hetero-fiber WGM cavities have been
rigorously simulated utilizing the finite element method. The calculated
modal eigenstates and transmission spectra have affirmed the mode selection
mechanism introduced by the azimuthally symmetric thermal polling
procedure. To reveal the spatial profile of the structural and optical changes
introduced to the thermally poled hetero-fibers and correlate them with the
WGM spectral measurements, second-harmonic generation (SHG)
microscopy, energy dispersive x-ray spectroscopy (EDX), and micro-Raman

(wRaman) measurements were carried out.

= During this research, cylindrical resonators made of silk fibroin were
developed and attached to silica glass microfibers. For modal excitation, we
employ a technique known as evanescent coupling, which uses optical fiber
tapers. In addition, we investigate and analyze the optical birefringence
properties of these resonators in the 1.5-micrometer spectral band. Through
thermal annealing, silk fibroin undergoes a unique structural transformation

from Silk I (amorphous) to Silk Il (semi-crystalline). The increase of nano-
12



crystalline sheet structures in Silk 11 is accompanied by several modifications
to this biomaterial's physical (wettability) and optical (birefringence)
properties. The photoelasticity of amorphous (Silk I) and semicrystalline Silk
(Silk II) is attributed to the emergence of the B-sheet conformations that
dominate the Silk Il structure. Photo-elastic experiments are performed,
tracing the TE and TM shifts of the whispering gallery mode resonances upon
applying an axial strain. The strain optical coefficient K’ for Silk I fibroin
was found to be 0.059+0.004, with the corresponding value for Silk II being
0.129+0.004.
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NepiAnyn

Ot tpémot eykAmPiopod yiBupiopod tov ®TOS €lval ypNoLol 6€ SAPOpPES
EQOPUOYEG AOY® TOV HOVOIIKAOV YOPOKTINPICTIKOV TOLG, OTMC O LYNAOG
ovvteheoc motdtntag (Q-factor) kot n evoucOnoia otic aAloyég tov deiktn
daOraong. H mapovoa dwutpPn eEgtalet m dvvatdtta TG aslonoinong tomv
TPOTOL EYKA®PBIGUOD GLVTOVIGUOD TOV PMTOS O KOWOTNTEG KLAIVOPIKNG
oLPUETPIOG Yo TN UEAET AUOPP®V VAIKOV, O TO Oeppikd molmpévov
yvairoh Duran kot g avayevvnuévng ouumpoiving tov peta&lov, Kot tn ovhvoeon
OLTMOV TV GLVTOVICU®MV HE TIC GVYKEKPIUEVEC OMTIKEG KOl UNYOVIKEG TOVG

10101t TEC.

» 270 IPOTO UEPOG TNG SOAKTOPIKNG daTpIPng mapovcstdleton  peAén
nov TpaypatoromOnke pe m péBodo Twv TpoOTOV eYKA®PBIoHOD YiBupiopov
o€ NAEKTPIKA TOAWUEVES VAAVESC omtTiKEG £Tepo-iveg. Ot TE xon TM pvBuoi
avATEPNG NG HOVAdAG TAENG TV MAEKTPIKE TOA®MUEVOV ETEPO-IVAOV
voiotovtol Evav eacuoTiko “kabopiopd” o€ GOYKPIon HE TN POGHOTIKY|
amoKplon  TOV  opyKev  Etepo-tveov. H o ovykekpuévn  QOCUOTIKT
CUUTEPLPOPE TOV NAEKTPIKA TOAMUEVDV ETEPO-IVAOV OTTOOIOETAL GE AAANYEG
ToV dgikTn daBLaong o1 omoieg AapPavouy YdPO KOVIA GTNV TEPIPEPEL TNG
étepo-ivag. AvTéG Ol 0AAOYEC OLVOEOVTOL UE OKTIVIKG GULUUETPIKN
OVOKOTOVOUT TOV 1OVI®OV IOV TPoLTAPYoLV HEGO GTNV VOAO, 0TS aVTd
npoékvoye omd TV dadikacio g Oepuikng moOAwong. Ot PaCUOTIKES
OMOKPICES  TOV — MAEKTPIKA  TOA®MUEVOV — ONTIK®OV  KOWAOTNTOV
TPOGOLOIMON KAV XPNCYLOTOIOVTAG T HEB0JO TEMEPAGUEV®Y oTOotKElwV. [
va 0tepevvnBovy o1 Y®PIKEG ALOYEG TG KOTAVOUNG TOV 1OVI®MV KOl TNG
doung g HaAoL TOV AaUPAVOLY YOPO OTIG NAEKTPIKA TOAMUEVES ETEPO-TVES
TpoypoTomomonKoy o oepd omd EMTALOV PETPNOELS YOPAKTIPIGHOD TNG
HopPNG TS VaAov. AVTEG NTav 01 €ENG: UIKPOGKOTIOL OEVTEPNG OPUOVIKTG

14&ng (SGH), eacpatookonio dacmopdg evépyetag axtivav X (EDX) kot

14



eacpatockonio p-Raman. Ot tapamdve Hetpioelg amokdAvyay 0Tt VITEpPYEL
HETOPOAY GTNV GLYKEVIPOON TOV WOVI®OV UETE TNV dtodikacio e Oepukng
TOA®ONG TG VAAOL 1| OToial EMPEPEL AALAYES TNV douT| TNG KaODG Kol 6TV

CLUUETPIO TOV TAEYLATOC TG,

= XE UV TN HEAETN avoTTOYXON KOV OTTTIKEG KOIAOTNTEG KATOGKEVAGUEVES
and euumpoivr, ot onoieg vrootnpilovy TpdToLG eyKAmPiouod yibvpiouov,
evamotedelpéveg oe yodhveg ontkég tvec. [a v d1€yepon TtV onTIKOV
avinyelov peta&od ypnoipomomdnkay Oepuikd epeikvouéveg onticég tveg
YOOAL0V ikpNG Swopétpov (2 um). O omTIKOG  YOPAKTNPIOUOC TOV
CLYKEKPIUEVAOV OTTTIKOV avInyeiwv pHetallon £yve 6To QaoUaTIKO 0POg TOV
1.5 um. Méow Oepuikig avommmong to HeTdEl veioToTol Hio. SOUIKY
HETOUOPP®OT amd TNV dpopen katdotoon (petaét tomov ) o pwo
NWKPLSTOAAKY Katdotaor (petdét tomov II). Avtdg o petacynuaticpodg
oLVOOEVETOL OO OPKETES EVOLAKPITEG OALAYES GTIC OTTIKES WOLOTNTEC ALTOV
0V ProdAkov, emmAéov g adénons twv Sop®dV VAVO-KPUGTOAMKOV [B-
eOMov  oto petd&t  tomov Il Ta  o@otoshooctikd  mEpduoTo
TPOYLOTOTOMONKOY KOTAYPAPOVTOS TIC POCUOTIKEC LETATOTIoE TV TE
kol TM tpémmv eykAwBilopov yibvpiopnod kabmg epapuolape afovikn Taon
670 GUGTNUA. ATO TIC TOPOUTAVE HETPNGELS KOL TNV OTTIKN KOl UINYOVIKN
OVAAVGT TOVE TPOEKLYE OTL 0 PMTOEANOTIKOG OTTIKOG cvvteleotnc K yia to
petdét tomov I etvar 0.059+0.004 pe v avtiotoym T Yo To peTdét THTOL

II va givar 0.129+0.004.
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1 Introduction

This chapter provides a comprehensive and insightful introduction to three
distinct areas of study: whispering gallery mode resonators, the process of
thermal poling in optical fibers, and the application of silk fibroin as
optoelectronic material. Accordingly, the chapter focuses on each domain's most
recent advancements and breakthroughs.

1.1 Whispering gallery modes resonators

Whispering Gallery Mode (WGM) optical microresonators have been
extensively studied in the last few decades [1]. Optical WGM microresonators,
which confine resonant photons in a microscale volume for extended durations,
substantially enhance light-matter interactions, making them an ideal platform
for photonic sensors. The light that circulates in the cavity via total internal
reflection at specific resonant frequencies interacts with the local environment
via the evanescent electromagnetic field. Lord Rayleigh was the first to introduce
the term "whispering gallery waves" to describe an acoustic phenomenon in St.
Paul’s cathedral in London [2]. He observed that whispers at one end of the
circular dome could be heard clearly at the opposite end. Whispering gallery
modes have unique light resonation properties, making them ideal for
applications in various fields, including sensing, non-linear photonics, lasers,
and optomechanics. High-finesse cavities, characterized by their small mode
volumes, yield exceptional measurement resolution, rendering them perfectly
suited for high-precision sensing applications in various fields [3]. The quality
factor (Q) serves as a crucial metric to quantify the effectiveness of light
localization in a whispering gallery mode (WGM) cavity. The Q factor of WGM
resonators signifies the proportion of stored energy to energy dissipation per
oscillation cycle, resulting from reflections within the cavity. This parameter
provides valuable insights into the performance and efficiency of WGM-based

17



systems. By using highly transparent, low scattering loss materials such as silica
or CaF2, WGM resonators can achieve extremely high values of Q factor (108-
10°%) in a small mode volume [4]. The Q factor is mainly limited by material
attenuation and scattering loss contributed by surface roughness and geometrical
imperfections. WGM cavities can be fabricated from various materials,
including silica, CaF», silicon, and polymers. Also, the corresponding cavities
can be formed in different geometries, such as micro-spheres, micro-rings,
micro-disks, micro-toroids, micro-bottles, and microbubbles. Figure 1.1 shows

several examples of microresonator cavities with varying geometries.[5].

20 um

30 um 20 um

Figure 1.1 (A) Microtoroid (B) microdisk (C) microring (D) microsphere (E) microbottle and
(F) microbubble [5]

The literature review will be focused on sensing devices using WGM
resonation. Whispering gallery mode sensors provide an accurate solution for
sensing physical, chemical, biological, and environmental parameters. Due to

their adaptability in materials, geometries, and fabrication methods, they are
18



ideally suited for various sensing applications, such as temperature [6], pressure
and displacement [7], electric and magnetic fields [8], biosensing [9], and gas

sensing [10].

Extensive research has been conducted on using WGM resonators for sensing
applications, focusing on detecting nanoparticles sized from tens to hundreds of
nanometers in biology [11]. Volmer et al. reported in 2008 the detection of a
single virus particle (Influenza A) with an average radius of 50 nm using the
spectral shift of whispering gallery mode resonances in transmission mode [12].
Following this research, mode splitting [13] and mode broadening [14] sensing
mechanisms were utilized to detect virus particles. As the most prevalent
biomolecule, proteins are frequently the targets of detection by WGM devices.
The studies [15], [16] demonstrate WGM cavities acts as biosensors with
sensitivity for detecting unlabeled molecules. Surface-bound aptamers are used
in these studies as a capture agent to confer protein specificity on the apparatus.
A shift in resonance wavelength is utilized to measure protein binding on the
WGM cavities.

Whispering gallery mode (WGM) resonators have also been investigated for
gas-sensing applications. The ability to detect gases is useful in various
scenarios, from environmental monitoring [17] to medical diagnostics [18]. Gas
sensing with WGM resonators is based on detecting changes in the refractive
index of the resonator caused by the adsorption of gas molecules onto the
resonator's surface. This effect changes the optical path length of the WGMs
circulating in the resonator, resulting in a shift in the resonant frequency. The
high Q factor of WGM resonators provides high sensitivity and resolution in gas
sensing applications in the ppm range. Most experiments involve coating a
WGM device with a chemoresponsive layer sensitive to the target gas. Various
gases have been detected using WGM resonators, including hydrogen, carbon

dioxide, methane, ethanol vapors, and ammonia vapors [19]-[21].

WGM resonators can be used as sensors for electric and magnetic fields by

utilizing the electro- and magneto-striction of a material [22]. PDMS spheres
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have been used as electric-field sensors [23], with a higher resolution achieved
(0.027 pm/Vm™) using a composite resonator structure consisting of a silica
microsphere with a PDMS coating [24]. Moreover, creating a magnetic-field
sensor out of PDMS microspheres is possible by incorporating magnetically

polarizable particles into the polymer matrix before curing [22].

In the field of pressure and force detection, researchers have adopted a variety
of configurations. The main design encompasses the use of WGM structures as
transducers. Changes in device morphology are induced by force exerted on the
WGM structure itself, resulting in mechanical stresses manifesting as refractive
index fluctuations. This methodology has been efficaciously exhibited with both
solid [7] and hollow [25] resonators, wherein the latter's hollow architecture
confers the advantage of facilitating pressure transduction for subsequent
measurement. Further, a method entails submerging the WGM cavity within a
transduction medium or fastening the device directly to a polymer transducer
[26].

These cutting-edge devices hold the potential to unlock novel perspectives
and enable more accurate, real-time measurements, ultimately contributing to a

greater comprehension of our environment.

1.2 Glass poling of optical fibers

Micro photonic device design relies heavily on precisely manipulating optical
materials' linear and non-linear permeabilities across three spatial dimensions.
Optical fibers are typically made from glasses, a material known as an
amorphous dielectric. Parity inversion is invariant [27] in amorphous dielectrics
because they are isotropic and centrosymmetric at the macroscopic scale. Thus
their non-linear dielectric susceptibility ' is zero. Myers et al. [28] introduced
thermal poling, a technique for inducing second-order susceptibility within
glasses, in 1991. The concept behind the method is to heat the glass under a

relatively strong static electric field. Therefore, electromigration occurs when the
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glass reaches a temperature where the mobility of the glass containing alkali ions
is no longer negligible. The ions progressively migrate, creating a static electric
field within the glass. This induced static electric field becomes permanent when
the glass is cooled down with the externally applied electric field until the glass
reaches room temperature. While the above method was initially implemented
for bulk glasses, thermal poling of a D-shaped fused silica optical fiber was
presented by Kazanksy et al. [29]. Later different poling geometries were used,
with the most adopted one being a twin-hole step-index silica fiber with the
electrodes (anode and cathode) embedded into the two channels of the fiber [30],
[31]. Following the publication of the preliminary findings, many additional
works on poling silica twin-hole fibers, such as the one by Wong et al. [32], were
published. They were the first to discover the existence of the frozen-in electric
field Epc in a poled fiber by employing a Mach—Zehnder interferometer in their
research. The method employed allowed them to determine the magnitude and
directional component of the frozen-in field. A space-charge region is generated
exclusively in the area surrounding the channel where the anodic electrode is
inserted by the standard anode-cathode configuration used for thermal poling
silica fibers. The disadvantage of the anode-cathode configuration is that the
distance between the two channels is relatively short (only 10-20 um),
significantly increasing the risk of unintended electric arcing discharge through
the glass due to the elevated voltages. However, in 2009 Margulis et al. [33]
demonstrated that connecting both embedded electrodes to the same anodic
potential could form a depletion region around both electrodes. The reduced
potential for electrical breakdown through the fiber is the primary advantage of
this new thermal poling configuration. They also demonstrated that the y®
produced by the cathode-less technique is larger and more stable than the
corresponding produced by conventional poling. Four different electrode
configurations were used to thermally polarize a twin-hole optical fiber in a study
published in 2012 by An et al. [34].
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Figure 1.2 Second harmonic generation (SHG) micrographs of twin-hole silica fibers poled in
various electrical configurations. The figures are extracted from the work of An et al. [34],
[35]

These configurations used one anode wire, two anode wires, one cathode wire,
and two cathode wires inserted inside the fiber’s channels. To visualize the
spatial distribution of the second-order nonlinearity that was created inside the
poled fibers and to measure its magnitude, the second harmonic microscopy
(SHM) method was utilized (Fig. 1.2).

There has been renewed interest in the thermal poling of glasses in recent
years. Unlike the well-studied poling of silica glasses, the outcomes of thermally
poling ion-rich glasses have been notably different. lon-rich glasses exhibit
various interesting phenomena after thermal poling, such as altering the
wettability of the surface [36], changing the reactivity of the glass surface [37],
inducing refractive index changes [38], enhancing the glass hardness [39], along

with improved crystallization capability [40].
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1.3 Silk Fibroin as an optoelectronic material

Traditional silicon-based electronics no longer fully meet market needs due to
the rapid development of the Internet of Things (1oT) and the arrival of 5G,
primarily because of mechanical mismatch in nonplanar application scenarios.
This opens up new possibilities for flexible optoelectronics, which can avoid
physical rigidity using flexible materials. Some applications include flexible
sensors/actuators [41], flexible cells [42], flexible displays [43], electronic skins
[44], and flexible integrated microsystems [45]. The global market for
commercial flexible electronics is anticipated to generate $77.3 billion in
revenue by the end of 2029, expanding at a CAGR of 8.5% between 2018 and
2029 [46]. Nevertheless, the continued development of flexible optoelectronics
Is currently met with several significant obstacles, including, for example, the
need for superior flexible materials, a sustainable energy supply, and the
integration of multiple functionalities. Preparing functional components made of
organic or inorganic materials on a flexible substrate, which bestows the device
with excellent bendability, stretchability, and adaptability while ensuring normal
working conditions, is the general method of a flexible optoelectronic device is
realized. Because of their remarkable mechanical properties, such as long-term
repeatable bendability and stretchability, flexible materials, such as
polytetrafluoroethylene [47], polydimethylsiloxane (PDMS) [48], polyimide
[49], fluorinated ethylene propylene [50], and silicone rubber [51], play a crucial
role in the process of achieving flexibility in electronic devices.

On the other hand, most of them cannot offer the biocompatibility and
biodegradability necessary for applications involving implantable and wearable
devices. In addition, most of these materials are rather pricey, which creates
hurdles for implementing them in large-scale applications. To address the
aforementioned issues, researchers have made numerous attempts to develop
biocompatible, biodegradable, and cost-effective flexible natural biomaterials,

such as cellulose, pectin, chitosan, melanin, and silk fibroin (SF) [52].
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Compared to other biological materials, silk fibroin has many advantages that
render this distinct. These include its biocompatibility and biodegradability, as
well as its adjustable water solubility, excellent optical transmittance, high
mechanical robustness, lightweight, and ease of processing. Natural silk fibers
made by insects like silkworms and spiders—are the source of Silk Fibroin.
Similar in structure but not composition [53], silk from the silkworm (Bombyx
mori) and spider silk contains glycine-rich proteins. Silk Fibroin can be prepared
from the cocoons of the silkworm (Bombyx mori), which is more practical and
feasible due to its amenability to industrial-scale production [54]. Flexible
electrodes, flexible sensors, flexible power supply devices, electronic skins, etc.,
have all been reported as being based on some form of SF in the last decade [55].
Silk fibers have been explored as an unconventional substrate for electronic
sensors, demonstrating promising results.

The electronic skin is considered the premium example of on-skin electronics,
comprising flexible films that can conform to the shape of the human body. Silk
films, with their remarkable biocompatibility, superior mechanical properties,
and exceptional light transmittance, make them a top candidate for electronic
skin applications. In a study by Huang et al. [56], a Silk fibroin composite
membrane was used as a substrate for electronic skins, demonstrating
exceptional stretchability and heat resistance. These membranes were then
layered with a silver membrane electrode, and heating and temperature sensing
functions were added by proceeding silk fibroin with silver and platinum
nanofibers networks. The silk fibroin-based composite membranes could
withstand temperatures exceeding 160 °C and stretch by more than 200%
without fracturing. Even more remarkable is that no immune response was
detected after several days of applying the electronic skin to a human arm.

In biomedical and biological research, the potential for versatile applications
involving real-time and in vivo monitoring of analytes with heightened
sensitivity has been recognized due to the innovative manipulation of plasmonic
resonances and the biocompatibility of plasmonic devices. It has been reported

that a biocompatible and highly adaptable plasmonic bio/chemical sensor,
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comprising natural silk protein and a gold nanostructure, has been developed
[57]. The silk plasmonic absorber sensor capitalizes on the potent local field
enhancement within the metal-insulator-metal resonator. The silk protein
assumes the dual role of an insulating spacer and substrate—the silk-insulating
spacer, which possesses hydrogel properties, exhibits controlled swelling upon
exposure to water-alcohol mixtures. Experimental and numerical demonstrations
have shown that alterations induce considerable spectral shifts in reflectance
minima in the silk spacer's physical volume and refractive index during the
swelling process.

Konstantaki et al. [27] demonstrated a silk fibroin-coated optical fiber long-
period grating to monitor alcohol vapor concentration. The silk fibroin utilized
as a chemo-sensing transducer is discussed to devise an optical fiber sensing
instrument aimed at methanol vapor monitoring. In the sensor configuration
described, drop casting onto an optical fiber Long Period Grating (LPG) creates
a thin silk fibroin layer. The research team has examined the sensor's response
in methanol vapors, comprehensively analyzing its sensitivity and measurement
repeatability.

Linhua Xu et al. presented in 2016 [58] an on-chip all-silk fibroin whispering
gallery mode (WGM) microresonator fabricated with simple molding and
technique. The fabricated silk protein microresonators exhibit high-quality
factors on the order of 10°. In addition, the silk fibroin microtoroid was employed
as a thermal sensor with greater sensitivity (1.17 nm/K) than previous WGM-

based thermal sensors.
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1.4 Aim and motivation of this Thesis

The objectives of this thesis involve two parts that utilize whispering gallery
modes resonances to exploit light localization in micro-resonators and conduct
studies on amorphous materials, specifically ion-rich glass and silk fibroin. The
resonances of WGMs are then correlated with the specific optical and
mechanical properties of the materials studied.

Regarding the investigation of ion-rich glass through WGM resonances, the
subsequent factors can be identified as the driving forces behind it. The modal
selection mechanisms of WGM cavities hold immense potential in various
applications, including single-mode operation in light emission devices and
spectral interrogation in sensing configurations. The tuning of WGMs
resonances has been a topic of considerable research interest, with researchers
investing substantial effort into adjusting the optical properties of cavity
materials. Specifically, the real and imaginary refractive index components in
linear and nonlinear susceptibility domains have been manipulated to fine-tune
spectral characteristics [59]. Multiple approaches have been explored for their
potential to control resonances in single WGM cavities selectively. These
approaches include plasmonic layers [60], highly absorbing refractive index
media [61], and the loss-gain interaction in cross-coupled systems [62]. Our
work utilizes the thermal poling process to adjust the linear and non-linear
susceptibility of a hetero-fiber composed of optical glass and a metal core, which
serves as a WGM cavity. This thesis was focused on the study of the area
adjacent to the anode side, more precisely on the two zones that emerged after
the thermal poling process with varying ionic concentrations. Utilizing the
whispering gallery modes resonation technique and its high finesse and small
mode volume to investigate the specific region near the anode side was a novel
approach and had not been previously presented to the best of our knowledge.
Observations of refractive index changes in the vicinity of the anode side were
made subsequent to the thermal poling process. As a result of these changes,

high-order radial modes were selectively suppressed, leading to the “cleaning”
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of the WGM spectrum. Through the use of second harmonic generation
microscopy, we confirmed the introduction of the non-linear susceptibility x?,
which may be used in future work involving WGMs resonators and non-linear
conversion methods.

Regarding the motivation of silk photoelasticity studies, optical biomaterials
offer various mechanical, segmentation, and surface chemistry properties, all
contributing to the optical biomaterials' ability to perform multiple physical and
chemical functions. The functions above can potentially speed up the process of
incorporating such materials into advanced and functional sensing, imaging, and
actuating photonic devices [63]. The silk that has been extracted from Bombyx
Mori is a natural biomaterial that is well-known for its applications in clothing
as well as surgery. At the same time, the regenerated form of its fibroin protein
has been the subject of significant research into its potential applications in
optical circuits, drug delivery systems, and sensing components [64]. This
enables the realization of skin-attachable components with readily accessible
optoelectronic functions [65]. The photo-elasticity of silk fibroin presents a
significant challenge to developing silk-based wearable photonic devices.
Specifically, this refers to how much the silk fibroin's refractivity and
birefringence will change in response to mechanical stimulation. For instance,
the operation characteristics of optical devices in adhesive contact with human
skin tissue can depend on the mechanical forces directly exerted at the interface
region of the device. Our aim in this work was to study the photoelastic
properties of silk fibroin by employing WGM light resonation [66] in cylindrical
resonators cast onto glass fiber-supporting beams. The polarization-sensitive,
modal dispersion of light confinement made possible by WGM resonation
enables the detection of minimal birefringence changes, yielding the stress-
optical coefficient and making it possible to correlate these findings to the

molecular polarizability of soft materials [67].
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1.5 Outline of this Thesis

Chapter 2-Light propagation in optical fibers:

This chapter is devoted to a detailed approach to light propagation in optical
fibers. In the following sections, the principles of modified total internal
reflection and the theory of tapered optical fibers are elaborated. Modal solutions

for cylindrical waveguides are derived from Maxwell's equations.

Chapter 3-Theoretical foundations of the Thesis topics:

The chapter presents the theoretical background of whispering gallery mode
resonances in cylindrical symmetries and coordinates. In addition, the theory of
mode coupling is introduced in this chapter. The sensing mechanisms of
whispering gallery mode resonances are subsequently analyzed. In addition, the
fundamental theory behind thermal poling is presented. A theoretical discussion
of the strain-optic effect will be presented as a final step toward completing the

analysis.

Chapter 4-Whispering gallery mode resonances in thermally poled

borosilicate glass hetero-fibers:

The chapter presents the radially oriented thermal poling in borosilicate glass
optical fibers and, afterward, the whispering gallery mode resonances in those
optical herero-fibers. A presentation is given on both the WGMs and the thermal
poling apparatus. The findings are then broken down according to the types of
anodes used (Nitrogen flow or not). Finally, the experimental results are

compared with finite element analysis simulations (COMSOL Multiphysics).
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Chapter 5-A study of silk fibroin photo-elasticity in whispering gallery

modes cavities:

The chapter focuses on studying silk fibroin photo-elasticity within whispering
gallery mode cavities. Each procedure and the experimental design are
thoroughly examined to gain insights into the behavior of silk fibroin under
mechanical stress and the consequent impact on its optical properties. The results
of the experiments are presented in this chapter, followed by a detailed
discussion of their implications and potential impact on the field of materials

science.

Chapter 6-Thesis conclusions and future plans:

The final chapter of this thesis comprises the research conclusions and provides
a comprehensive summary of the experimental projects. This research's findings
will be presented clearly and concisely by analyzing the results obtained from
the experiments. Moreover, this chapter will also discuss the implications of the
research and its potential impact on the field of materials science. This chapter
serves as a culmination of the research and provides a roadmap for future studies

that can build upon the findings presented in this thesis.
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2 Light propagation in optical fibers

In this chapter, light propagation phenomena in optical fibers are thoroughly
investigated. The subsequent sections explain total internal reflection and the
theoretical underpinnings of tapered optical fibers. In addition, a systematic
derivation of modal solutions for cylindrical waveguides employing the

fundamental principles embodied in Maxwell's equations is presented.

2.1Single-mode  optical fibers and their
corresponding parameters

The single-mode optical fiber (SMF) is explicitly designed for propagating only
a single mode of light, namely the transverse mode. In fiber-optics, modes are
the solutions of the Helmholtz equation for waves, which is derived by
combining Maxwell's equations and boundary conditions. These modes dictate
how light waves propagate through space, determining their spatial distribution.
However, waves may have the same mode but different frequencies; the single-
mode fiber restricts the transmission of waves with different frequencies but with
the same mode and spatial distribution. Optical fibers are made of pure silica
glass created by fusing SiO2 molecules, which allows for low-loss transmission
and simple fabrication. The difference in refractive index between the core and
the cladding is achieved through the selective use of dopants during fabrication.
In fiber optics, doping refers to adding impurities to an optical fiber's core to alter
its properties. Materials such as GeO2, Al.Ogz, and P.Os are commonly used as
dopants in optical fibers because they raise the refractive index, allowing the
total internal reflection to be utilized. The presence of these dopants can also
alter the fiber's mechanical, thermal, and chemical properties, making it more
suitable for specific applications. Among the three materials, GeO2 is mainly

known for enhancing the fiber's photosensitivity, allowing it to be used for
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sensing and other related applications. In its basic configuration, an optical fiber
consists of a central glass core with a high refractive index, a cladding layer
whose refractive index is slightly lower than the core index, and an outer plastic
polymeric jacket for adding mechanical durability (Fig. 2.1) [68].

a) Jacket b) Refractive Index n(r)
/ rcore ncore
Felad Nelad )
Radius r
+<—Jacket
Cladding

Cladding Core

Figure 2.1 Illustration of a step-index fiber composed of a core, cladding, and polymeric
plastic jacket (b) Figure depicting the cross-section of a step-index optical fiber and the

refractive index profile.

The following are two fundamental parameters that can be used to characterize
an optical fiber. The relative core-cladding refractive index difference, which is

denoted by the symbol A and can be defined as [69]:

A= Neore — Nelad (2.1)

ncore

In addition to the so-called normalized frequency V, which is the parameter that
determines the quality of guidance supported by the optical fiber and is defined
as follows [70]:
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V = kot |(¥ore = i) 22)

Where ko=2n/A, r is the core radius, and A is the wavelength of light. Only the
lowest order mode (fundamental mode) propagates in the fiber for a step-index
fiber if V is smaller than 2.405. Optical fibers designed to satisfy this condition
are called single-mode fibers. A typical single-mode optical fiber for
telecommunications has a core diameter of 8 um and a cladding diameter of 125
um. The core of this particular optical fiber has a refractive index of 1.447, while
the cladding index is 1.444. However, it is only single-mode in the 1.5 um IR
band, and as the wavelength decreases below 1.2 um, the V number exceeds
2.405, implying that the optical fiber is multimode. Multimode optical fibers are
typically fibers with larger cores. A larger core allows multiple modes (or light
rays) to travel down the core simultaneously. Similar to the single mode, the core
Is surrounded by a cladding that results in an overall diameter of 125 um for the

optical fiber.

2.2 Total internal reflection

Snell’s law describes the refraction of an electromagnetic wave at the interface
of two media with different refractive indices. Snell’s formula is the following

for two media with refractive indices ny and nz [71].

n,sin®, = n,sind, (2.3)

Where 01, 02 are the angles between the incident’s wave vectors ki1 and ko and

refracted light fields and the surface’s normal vector (Fig. 2.2).
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Figure 2.2 a) Reflection and refraction at an interface between two media with refractive
indices niand n2. The incident wave and the refracted wave vector are denoted by ki and ko,
respectively. b) The interface completely reflects the light field for n, < ni and angles larger

than the critical angle 6. A detailed analysis shows that the electromagnetic field decays

exponentially beyond the interface. The penetration depth of this evanescent field into the

optically thinner medium is typically on the order of the wavelength.

At an optically dense medium interface with an optically thinner medium, i.e.,
for n2< n1, a refractive wave only exists for angles 61 smaller than the critical
angle 0= sin01(n2/n1). Otherwise, the incident wave is totally reflected from the
interface, as shown in Fig. 2.2 b). The electric field in the optically thinner
medium is treated as a scalar field of the form. In the case of total internal
reflection, the electromagnetic field in the optically thinner medium will be

examined in detail, following the analysis in [19], [20].

E, = Eyyelitkzr-0t) (2.4)

The wave vector ko with an absolute value of | k2| = nzn/Aocan be split into a
component kx that describes the propagation along with the interface and a
component ky describing the propagation normal to the interface. Using Snell's

law, a mathematical relationship can be found for ky=k>cos (6.).
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n? - sin?(6,)

ky =k, (1- )2
Yo n’ (2.5)
If sin(01) > n2/ny
2, cin2 [a)
k, = ik, - (Lz(l) — 12 =B
n; (2.6)

becomes complex, while kx= (nikz/n2) sin(6,) is real. The electric field strength

in the optically thinner medium is given by:

E, = Ey,e By eilkxx-wb) (2.7)

This so-called “evanescent field” exponentially decays with increasing distance

y from the interface. Its penetration depth

1 Ao (2.8)

B 2m\/n2sin2(0;) — n2

Light can be coupled to micro-resonators along d-shaped and ultra-thin tapered

optical fibers via the evanescent field.
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2.3 The optical fiber's numerical aperture

The light ray refracted at the air-core interface and then transmitted to the fiber’s
core is represented by the black light ray, denoted by the letter A in Figure 2.3.
The light then travels through the optical fiber due to a phenomenon known as

total internal reflection, which occurs between the core and cladding of the fiber.

/
+ Conical
1 Half Angle
,l 6max [
I
1 Acceptance
% cone

Figure 2.3 Total internal reflection in optical fiber and the acceptance angle of optical fiber
are depicted schematically.

Rays that enter the optical fiber core at an angle greater than Omax concerning
the fiber axis will have a fraction of their energy reflected. In contrast, the
remaining amount of their energy will be transmitted out through the boundary
in the direction of the cladding. Following a series of similar reflections, the
energy contained within these rays will eventually be lost (see red-ray light noted
as B). As a result, rays transmitted by total internal reflection within the fiber
core must be incident on the acceptance cone. Therefore, Omax represents the
maximum angle relative to the fiber axis at which light is permitted to enter the
optical fiber for it to be propagated. This angle is also known as the conical half-

angle or the total acceptance angle.
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One must continue the ray theory analysis to obtain a relationship between the
acceptance angle and the refractive indices of the three media involved: the core,
the cladding, and the medium. Consequently, a more general term is the
numerical aperture of the optical fiber (NA), which the following equation can

define:

—_ 1 — 2 a2
NA = nmediumSlnemax - \/ncore nclad (29)

The numerical aperture equation (2.9) conveniently measures an optical fiber’s
ability to collect light. It does not depend on the fiber core diameter and can be
applied to core diameters as small as 8 um. However, the geometric optics
approach is insufficient when considering diameters of a smaller order.

Therefore, electromagnetic mode theory has to be used in these situations.

2.4 Waveguide modes in standard optical fibers

Regarding the fiber optics field, the propagation of electromagnetic waves in
cylindrically symmetric dielectric waveguides is fundamental. The theoretical
background for optical fiber modal analysis is Maxwell’s equations. Equations
(2.10)-(2.13) provide the mathematical formula for defining electric and
magnetic wave propagation through materials, further characterized by utilizing
certain boundary conditions for optical fibers. The optical fiber dielectric
material, usually glass, is isotropic, linear, and homogeneous, with no free
charges or currents [72], [73]. Then the differential form of Maxwell equations

for these becomes:
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0B oH (2.10)

vxE=-"= S
VxH—%_':=gg_f 2.10)
V-D=0 2.12)
V-B=0 (2.13)

The field quantities E and H in the above relations represent the electric and
magnetic fields, respectively, as well as D and B, the electric and magnetic
displacements defined by (2.14) and (2.15) :

B=u-H (2.14)
D=u-E (2.15)

Applying the vector operator (V) to equations 2.10 and 2.11, the homogenous

form of the electromagnetic wave equation is described by (2.16) and (2.17):

2

(V2 — ue F)E(r, t) =0 216

2

2 a —
(V> — ue F)H(r, t)=0 2.17)
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The electromagnetic wave equation’s solution defines energy propagation in the

medium in consideration and is given by:

E(r,t) = E(r, p)e'(@t=F2 (2.18)

H(r,t) = H(r, p)e!(@t=F2) (2.19)

For propagation along the optical fiber axis (z-axis), each field vector component

assumes the same z and t dependency of e'(©*F2) [71].

Figure 2.4 Cross-section of a standard optical fiber

A conventional optical fiber’s cross-section (Fig. 2.4) is divided into two
regions: the fiber’s core, which has a refractive index of nz, and the cladding,
which has a refractive index of ni, with n,>ny [73]. In addition to the infinite
continuum of radiation modes that are not guided by the structure but are
solutions to the boundary problem, dielectric waveguides support a finite number
of guided modes [72]. A comprehensive analysis of guided modes in optical
fibers is presented, starting with the time-independent wave equation in
cylindrical coordinates (2.20a,b). The structural symmetry of optical fibers
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allows the homogeneous wave equation to be fully separated into r and ¢

components. :

> 10 1 92

to—t 5+ (k% - ﬁz)] E(r,9) =0

ar2  ror r2 dp?

> 10 1 92

to—t 5+ (k% — ﬁz)] H(r,¢) =0

ar2  ror r2 dp?

(2.20a)

(2.20b)

Where k = w+/ue = %\/EE = kyn is the waveguide number and n = \/SE is the
0 0

refractive index of the dielectric medium. Maxwell’s curl equations written in

terms of the cylindrical components are given by:

[WEE, H, + - L OH,
iweE, = if " 0(p
oeE 0H,
lweE,, Em

H, E,+— L 0L,

iwuH, = if r 90
0E,

—iwuH, = —ipE, — pm

(2.21a)

(2.21b)

(2.21c)

(2.21d)
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The field components E;, E,, Ez, Hr, Hy, H; are:

£ = —if (6 +wu1 d )

r k% — ﬁz or z ﬁ r (’)(p z (2223.)
—if (10 wu d

o= o g o)
4 (2.22b)

o= —if (6 wel 0 )
r k% — ﬁz or z ﬂ r 6<p z (2220)

Ho— —ip (18H+a)€E)E)
¢ k% — ﬁz r 6<p z ,B or z (222d)

The E; and H, components must be determined according to the given relations
to specify the wave solution uniquely[71], [74]. Time-independent wave

equation E; and H; in cylindrical coordinates have taken the form:

02 10 1 0?2 E
S T & (kZ _BZ)“ Z] =0

or? ror r?2de? H, (2.23)

The longitudinal components Ez and Hz are used to derive the simplified guided
modes of the optical fiber. The solutions to the partial differential equations

(2.20a,b), which are separable, are described by [72]:
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E,(r,¢) = AR(r)®(¢p) (2.24a)
H,(r,¢) = AR(r)®(¢) (2.24b)

Where @ (¢p) = Aet'® so that:

E,(r,p) = R(r)eti® (2.25a)
H,(r,9) = R(r)e*® (2.25b)

Where 1=0,1,2,..., E; and H; are hence single-valued functions of ¢. As a result,
equations (2.20a,b) and (2.25a,b) generate equation (2.26), also known as
Bessel’s differential equation [71], [72]:

2 10 2
—_ 4 2 _p2 _ __ —
or? "ror ' (k b T2>] Ry =0 (2.26)

The generic solution of the Bessel function is (2.27) divided into:

cJ;(hr) + ¢ XXhr),  forh®>=k?*—-p?>0

R(r) = {cllf(’ﬁr) +cKi(hr),  for—q* =k*=B*<0 (597

Appropriate cylindrical function solutions of the Bessel equation must be
determined to generate optimal field configurations in an optical fiber while

meeting the physical limitations. A Bessel function Ji(hr) is utilized because the
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electric and magnetic fields must be finite at the center of the optical fiber core,

r=0. The field components in this case (r<a) are given by:

E,(r,p) = AJ,(hr)e"® (2.28a)
H,(r,¢) = BJ;(hr)e'?® (2.28b)

On the other hand, the fields in the cladding of the optical fiber diminish in an
exponential form of e”". The decaying behavior of the electric and magnetic
fields in the cladding (r>a) is described using a modified form of the Bessel

Ki(gr) function.

E,(r,@) = CK,(hr)e~i¢ (2.29a)
H,(r,¢) = DK,(hr)e™ % (2.29b)

The unknown constants A, B, C, and D can be determined using the boundary
conditions and field components. In the case that |0, the solutions correspond
to the hybrid modes HEw, and EHim, which have non-zero electric and magnetic
field components. We derive the following set of equations for the transverse
field components for hybrid mode propagation by replacing the equations (2.28
a), (2.28 b) and (2.29 a), (2.29 b) with equations (2.30 a) - (2.30 d) for the electric

and magnetic field components:

P _wpl
—i [Ah]l’(hr) + l—B]l(hT')] (r<a)
E,.(rt) = pr X ell9el@t=F2) (2 303)

. cwpl
lq—z [Cqu’(qr) + L—DKl(qr)] (r>a)

Br
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—id [Faman) - L i) ¢ < o
Eor)=1 g » x e!1Pel@t=F2) (3 30h)
i~ [?CKl(qr) - i?Dqu’(qr)] (r>a)

(- fz [Bh]l (hr) + l—A]l (hr)] (r<a) (2.30c)
H.(rt) = ‘8 X eily gi(wt—Pz)
i?[Dqu’(qr) + i Br CKl(qr)] (r>a)
( Bt [ BhJ,(hr) — l—A]l(hT)] (r < a) (2.30d)

% eil(pei(a)t—[i’z)

n2 B
Hy(r,t) =
ii?[;DKl(qT) — iTCqK{(qr)] (r>a)

The following equations are derived by combining equations (2.30 a) — (2.30 d)
and the continuity equation of the electric and magnetic field components E,, E,

H,, and H; at the interface between the core and the cladding (r=a):
Ji(ha)A - Ki(qa)C =0 (2.31a)

i nha] 4+ |-G B + [zikl(qa)]c +[~aplith|B =0 (231b)

Ji(ha)B — K;(qa)D =0 (2.31c)

[rrasiaa]a+ [imzntal e+ [22kiGa]c + i k@a|p =0 (231d)
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Solving the previous set of equations will determine the relationship between the
coefficients A, B, C, and D. The following conditions must be fulfilled to achieve

wave guidance via the optical fiber core:

h?=k2n?-p%2>0, 0<r<a (2.32a)

—q?>=k2n3—p%*<0, r>a (2.32b)

The radius of the fiber core is denoted by a. Because the parameters h =

Jk2(n? —n2) — q? and q = kZ2(n? —n2) — h? are real, positive numbers,
0 < (h,q) < kZ2(n? —n3) is evident. In the general solution (2.27), Bessel
functions Y; and I; are rejected because they tend to infinity for r—0 and r—o ,

respectively. Acceptable solutions for the E;, H, components have the general

form:
_(ALChT) g iwi-pz)  r<a (2.332)
E,(r,t) = {CKl (@) X e'Pe v oa
_(BL(hT) g iwi-pz  T<a (2.33b)
H,(rt) = {DKl (ar) X e'Pe oy

Where =0, £1, £ 2, ... and A, B, C, D are coefficients determined by the
boundary conditions. When E,=0 and E,, Hr, H; #0, the solutions correspond to
transverse electric, TEom modes, and when H,=0 and E,, E;, H, #0, the solutions
correspond to transverse magnetic TMom modes. Considerable simplification

arises in the weakly guiding approximation, ni-n,<< 1.
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Figure 2.5 Correlation between the electric field vectors and intensity profiles of the three first

LPI,m modes, and conventional modes [8]

The Linearly Polarized modes are formed by the linear superposition of
HEI+1,m, and EHI-1,m modes, as shown in Figure 2.5. Extensive calculations
using Bessel equations and boundary conditions for optical fiber geometry result
in overlapping between the basic modes. Moreover, Figure 2.6 estimates the cut-

off wavelength of each mode in a visual format.
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Figure 2.6 LP mode dispersion curves in step-index fibers [3]

The normalized propagation constant b as a function of normalized frequency V
for guided modes of standard optical fiber is depicted in the diagram above. The
number pairs written on each curve give the | and m of the LP;m modes. The
equation (2.34) yield the value of b [72].

="n; . (2.34)

As shown in figure 2.6, the normalized cut-off frequency for the first higher
mode LP11is V=2.405. The condition V<2.405 is required for single-mode

propagation of the fundamental mode LPo,.
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2.5 Tapered optical fibers

As previously mentioned, the V-number cut-off dictates the restricted
transmission of higher-order modes. On the other hand, optical fiber structures
can be multi-modal in various opto-geometrical designs. An example of multi-
modal optical fibers is the optical fiber tapers (OFT). An OFT is a thinned optical
fiber with a geometric gradient segment where the mode propagates in the
cladding at a specific point by a modal transformation. A typical optical fiber

can be heated to its softening point and subjected to tensile force to produce an

OFT [75]. Optical fibers are tapered using advanced glass processors (Fig. 2.7).

N\ a\Y

-

Figure 2.7 Vytran GPX-3000 glass fiber processor for thermally tapering down the optical
fibers

The optical fiber taper is separated into three primary regions (Fig. 2.8) after
the heat-and-pull technique: the untapered part, the taper transition, and the taper

waist, the region with the largest decreased diameter of the tapered optical fiber.
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Figure 2.8 The primary sections of a tapered optical fiber are depicted schematically.

Subsequently, the fundamental mode’s field distribution shifts as the optical
fiber are tapered. The energy transfer from the fundamental mode to the closest
higher-order modes varies depending on the diameter change rate [75], [76]. For
a given wavelength and core-cladding refractive index difference, a core radius
exists at which light has escaped the core and is guided by the interface between
the cladding and the external medium surrounding the optical fiber. This specific
point is called taper transition, and the effective refractive index of the
fundamental mode is equal to the refractive index of the cladding. The optical
fiber is no longer single-mode beyond the tapered transition region, and higher-
order modes can be coupled. The fundamental mode LPo:1 can only couple to
higher-order modes with the exact azimuthal symmetry, LPom modes, providing
the axially symmetric taper [76].

Straightforwardly, we may deduce that mode coupling inside a taper is
inversely proportional to the taper geometry. The adiabaticity criterion for
tapered optical fibers is then introduced to determine the mode propagation
parameters in the taper [77]. A tapered fiber is adiabatic if most energy is coupled
into the fundamental mode and does not couple into higher-order modes
throughout its propagation [77], [78]. By connecting the length associated with
the tapering angle at the local core radius (z:) with the beating length between
two modes, the adiabaticity criterion may be derived (z,). The adiabaticity
condition is provided by the inequality (2.35), which states that the beat length
between the fundamental and first higher-order mode must be less than the local

taper length [77], [78].
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zp < Z; (2.35)

21
B — B (2.36)

Zb=

where 1 denotes the basic mode propagation constant at radius r and 32 denotes
the first excited mode propagation constant at radius r, and the local taper length

Is represented by :

_ p
tanf?

Zt

(2.37)

Where Q is the angle formed by the tangent to the core-cladding contact and the
z-axis of the fiber. We can calculate using the above formulas and the rate of

change of the local core radius:

tanf) = —
dz (2.38)

The adiabaticity criterion can be defined as follows:

p_pBi=p) (2.39)

Zp 2T

dp
dz

In terms of the local cladding radius r, it is as follows:
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dr
dz

r _r(Bi=h) (2.40)

Zp 21

According to Equations 2.39 and 2.40, the taper must be gradual enough to
prevent coupling from the fundamental to higher-order modes. Otherwise, the
mode evolution will be non-adiabatic if the taper angle is too steep, increasing

the higher-order mode excitation [78].

2.6 Summary

The chapter at hand offers an exhaustive exploration into how light travels within
optical fibers, delving into pivotal concepts such as total internal reflection,
which is fundamental to the functioning of fiber optics. It sheds light on the
theory behind tapered optical fibers, elucidating their operational mechanisms.
The chapter further presents a systematically derived set of modal solutions
pertinent to cylindrical waveguides, all underpinned by fundamental Maxwell's
equations. This chapter is a deep dive into light propagation's nuances and core
principles within optical fibers, revealing its complexities and foundational

aspects.

50



3 Theoretical foundations of this Thesis
topics

In this chapter, we embark on a comprehensive exploration of the theoretical
underpinnings of three salient topics. We will delve into the theory of whispering
gallery modes, which has captured the attention of researchers due to its diverse
applications in optical resonators. Furthermore, we shall examine the principles
of thermal poling, elucidating the mechanisms that underlie this technique's
ability to change the optical properties of glasses. Lastly, we will probe the
theoretical background of photoelasticity, a phenomenon that has found
immense value in stress analysis and material characterization. As we venture
through these interconnected themes, we aim to provide a robust foundation for

understanding each domain's scientific principles and intricacies.

3.1 Whispering gallery modes (WGMs) theory

3.1.1 Whispering gallery modes

Whispering gallery mode (WGM) resonators are a distinct class of optical
resonators that have attracted considerable interest due to their exceptional
properties. In these resonators, waves travel along a curved path and are confined
by total internal reflection, resulting in high-Q resonances with small mode
volumes and extended lifetimes. WGM resonators have been demonstrated in
various geometries, such as spheres, toroids, and disks, and can support a broad
spectrum of electromagnetic modes. The resonant frequencies and quality factors
of WGM resonators can be modified by adjusting the resonator's geometry and
composition. Losses through the surface are included in a wave description, and

as a result, in the absence of external excitation, the mode’s amplitude decreases
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[79]. Despite their maturity as a platform technology, these resonators attract
significant research into new applications, improved fabrication, and theoretical
concerns. In terms of spectral appearance, the power stored ina WGM, P(w), has

a Lorentzian lineshape defined by

EZ
P(w) = P, 2 2 (3.1)
(w - wo)z + 70

Therefore, the principal parameters describing the WGM resonance are its
resonance frequency wo, full-width at half maximum (FWHM) yo, and amplitude
Po. Quality factor Q applies to this resonator type and can be expressed in
wavelength Q=\o/AL. Because the energy is contained within the cavity, direct
observation of P(w) is generally impossible. Excitation of WGMs must instead
be inferred experimentally through indirect means. The monitoring of the
excitation channel is a typical method. It is possible to obtain evanescent
coupling to WGMs by bringing an adiabatically tapered optical fiber close to the
resonator surface [80], [81]. A typical Lorentzian resonance dip can be noticed
by monitoring the transmitted power Pi(®) of the excitation light launched into
the fiber as the frequency of incident light is tuned (Fig. 3.1). The achieved
coupling efficiency B then determines the depth of the observed transmission dip,

Pt(w)=Po-BP(w), where Pq is the input laser power.
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Figure 3.1 WGMs resonation spectrum of a cavity resonator. The individual peaks of FWHM

AN\, corresponding to the resonator modes, are separated by the free spectral range FSR.

Radiation, surface scattering, bulk scattering, and material absorption are loss
mechanisms contributing to the total resonance linewidth [82], [83].

Accordingly, the FWHM of the WGM resonance can be written in the form:

AN=Arad+Ahscat Ahmar+---, or equivently Qo?=Qrad+Qsca*+Qmar’+--. The
resonator size, inherent material qualities, and manufacturing quality determine
the relative importance of each contribution. Radiative losses dominate small
resonators, but absorption losses in the host medium become increasingly crucial
as the resonator size grows. The WGM gets more confined within the cavity as
the size expands, and the material properties of the cavity dictate the final,
ultimate, material limited Q, given by Qans=27n/al where n; is the refractive

index of the resonator, with associated absorption coefficient a [4].
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3.1.2 Wave equation for cylindrical resonators

The WGM’s guiding mechanism in a microresonator's azimuthal direction (MR)
is total internal reflection, similar to axial propagation in conventional
waveguides. When the guided wave travels along the MR’s perimeter, resonance
occurs since the wave drives itself coherently by returning in phase after each
revolution. In this manner, the wave continuously follows the surface of the MR
as it travels in a circle around it. The optical path in a circumnavigation must
equal an integer multiple of the optical wavelength, denoted by A. When this
condition is satisfied, resonances and several discrete modes will manifest at

various wavelengths [84]. The resonant condition can be written as [85]:

2man
Ap = Teff (3.2)

Where Ar is the resonant wavelength, a is the radius of the MR, nef is the
effective index of the WGM, and m is the azimuthal order of the mode (i.e., is
the total number of different wavelengths around the MR).

The MR can be subdivided into two regions. Region I consists of an infinitely
long dielectric rod with anisotropic permittivity, 1. In contrast, region Il
surrounding the MR comprises an infinite dielectric medium (typically air) with
an isotropic permittivity of eoe2. Both media are homogeneous, source-free,
lossless, and have a po magnetic permeability. Because of the geometry involved,
it is necessary to use a cylindrical coordinate system to solve this problem.
Solving Maxwell’s equations in the two distinct regions and applying the
appropriate boundary conditions makes it possible to solve the problem of
WGMs propagating in cylindrical MRs. The direction in which the signal is
transmitted is entirely azimuthal. Therefore, the dependence of the electric E
field and the magnetic H field as a coordinate function can be described as e,

where [ is the propagation constant of the modes. In addition, a harmonic time
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dependence of the fields is considered. This is denoted by the notation e/, where

o is the angular frequency. The electromagnetic field can be written as:

E(r,t) = e(p)e /PPel®t

H(r,t) = h(p)e /Prelwt (3.3)

Where

e(p) = e,(p)u, + e, (p)it, + e, (p)u,

h(p) = h,(p)u, + h,(p)u, + h,(p)u; (3.4)

According to Egs. (3.4), the electromagnetic field's amplitude only depends on
the coordinate r. The electromagnetic field will not show any dependence on the
z coordinate because it is assumed that the length of the cylinder is infinite, and
there is also symmetry in the translational direction. Solving Maxwell’s
equations for the fields described in Eqgs 3.3 is necessary to obtain the WGMs
guided by the MR.

The expression of the tensor varies depending on the material or effect that
induces anisotropy. Here, we will consider a uniaxial medium because the
response of WGMs to the experiments described in subsequent chapters can be
theoretically derived from this anisotropy. Two of the tensor’s diagonal elements
are the same, while the other diagonal element is unique and can be expressed in

the following way:

5= & g ). { & transversal to the z coordinate
B &) g,:parallel to the z coordinate (3.5)
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The wave equations for the electric and magnetic fields can be obtained by
expanding Maxwell's equations with the expression of the fields and the

permittivity tensor, as follows:

V X (V X E) = wzﬂogogE

VX (571 X H) = w?uge,H (36)
The wave equations for the axial components can be written as follows:
[Pza,f + pap + (pzkggz - ﬁ(p)]‘gz(p) =0
(3.7)

[p?0% + pd, + (p*kie. — B, )|, (p) = 0

The wavenumber in a vacuum is denoted as ko. Both differential equations can
be represented as what is known as Bessel equations due to their identical form.
Before applying boundary conditions at the interface between the two media, we
study the conditions the propagation constant, ,, must fulfill to have WGM
resonances. This is done so that boundary conditions can be applied at the
interface. It is necessary to have constructive interference to observe a WGM
resonance.WGMs travel in an azimuthal direction during their transmission,
which causes the confined wave to interfere with itself after completing one
entire circuit. To have constructive interference, the phase of the confined wave
must be the same with a difference that is a multiple of 2z after each round trip.
In the alternative scenario, the loaded energy of the resonator is in the same order
as the energy lost by radiation; consequently, the resonances do not appear.
According to their polarization, the guided modes can be categorized into groups
within an axial waveguide. The modes supported by a dielectric waveguide can
be divided into three categories: hybrid modes, TE modes, and TM modes [72].

Even though WGMs propagate in the azimuthal direction, the classical notation
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where the fields are perpendicular to the axial direction is maintained. Moreover,
hybrid modes with pure azimuthal propagation cannot exist in the case of

isotropic dielectric cylinders [86]. As a result, the WGMSs can be divided into
two distinct families: the TE and the TM.

TM Modes

Region | (p<a):

Eé = Am (konzp)e—jnupeiwt

H! =£1A1] (kon,p)e /meeiwt
P g p Um onzpP (3.8)

_ kOnz
Jwig

I _ pl __ I
E)=EL=H,=0

I
HQD

AgJin(kon,p)eimPeict

Region Il (p>a)

Ell = A,HP (kon,p)e /Mo eiet

gl = m lA H(Z)(k n )e—jm(peiwt
p Wlty p 20y (KoM p (3.9)

kon / , ,
Hé,’ :jao)uz AZHr(rf) (konyp)e /Mo et
0
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TE Modes

Region | (p<a):

Hy; = ByJm(konep)e TP el

El = — —B,].(kon,p)e /M eiwt
p WEYEL P 1]m( 0 tp)
n . .
El = ——%Y B I (kon,p)e Im®eiwt
7)) ngogt 1]m( 0 tp)

I — gyl — pl —
H)=HL=El=0

Region Il (p>a)

Hi' = ByHyy (konpp)e/mPeiot

m 1 . .
EI = _ _B H(Z) kon e~ Jme giwt
p WEgES P 2Hp " (konyp)
konz 2 ! , .
EII — _ B H( ) kon e—]m(pelwt
® jwege, 1Hp (konyp)

HI = HI = El' = 0

(3.2)

(3.11)

Jm and Hn are the derivative of the Bessel function of the first kind and the Hankel

function of the second kind, respectively. After the fields have been acquired,

boundary conditions are implemented to ensure the continuity of the tangential

components of the electromagnetic field at the interface (p=a):

T™: E;(p=a)=E(p=a);  H,(p=a)=H,(p=a);

TE: Hi(p=a)=H/(p=0a); E,(p=a)=E;(p=a);

(3.12)
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These conditions lead to two equations with two unknown variables for each
polarization state, Ai and Bi's constants. If the determinant vanishes, there are
only nontrivial solutions to the 2x2 equation system. Consequently, the

characteristic equations for TM and TE modes are as follows:

Jnlkon,@)  HY (konya)

TM:n =N, —————

Z]m(konza) 2 H.’Sf) (konza)
(3.13)

g, LnGkan@) _ 1 Hy (kona)

e Jm(konya) n, Hr(rf) (kong,a)

The refractive indices n; refer to the refractive index parallel to the z coordinate
and n; transversal. The left-hand side term in both characteristic equations is

defined by the Bessel function J,,, and its derivative, while the right-hand side

term is determined by the Hankel function H,(,f) and it's derivative.

3.13 Tapered optical fiber-microresonator coupling

It is essential to achieve an effective and efficient coupling to observe high-Q
WGM resonances. Several methods can be used to couple light from a
waveguide structure to a resonator, which has both advantages and
disadvantages. This chapter will examine a theoretical approach employing
microfiber to couple the energy into the micro-resonator. The system comprises
an input field, denoted by Ei, coupled with a micro-resonator guided through the
microfiber. The symbol n indicates the coupling strength between the cavity and
the waveguide. It is determined by the degree to which the microfiber and the

micro-resonator fields overlap.
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Light input Light output
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Figure 3.2 A schematic depiction of the phenomena that result from the interaction of
microfiber and WGM fields in a micro-resonator.

The coupling excited a WGM propagating in the clockwise (ECW) direction.

The field transmitted by the microfiber is denoted by the symbol Et, while the

field reflected by the coupling of the backscattered clockwise WGM

IS

represented by the symbol E;. The value g represents the coupling coefficient

between the two WGM counter-propagating due to the surface inhomogeneities.

An exponential decline of the WGMs field with time is taken into account. This

decline is denoted by the notation Ewem = e™*°, where ko=w/2Qo is the cavity

decay rate [87]. The parameter ke=m?/2t=w/2Q. is used to describe the coupling

rate. The coupled-mode equations are [88]:

Ecow(t) = jnE;(t) + 1 —n?Eccy (t — T)e koTelOWT 4 jgTEqy, (1)
Ecw(t) = jgtEcew (t) + 1 —n2Eqy (t — T)e koTglowT
E.(t) = jnEcw(t)

E (t) = 1 —=n2E(t) + jnEccw (t)

(3.14)
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If y(t-1) = y(t)-t(dy/dt) also assume low losses, the equations presented above

can be rewritten as:

dE . R :
dCtCW = —(ko + kc — jéw)Eccw (t) +];Ei +JjgEcw (t)
dE
o =~ (ko + ke — j80)Ecy (£) + jgEccw (£) (315)

E, ) = anCW(t)

E.(t) = 1 —n2E;(t) + jnEccw ()

It is possible to derive the transmittance and reflectivity of the system in a

situation where the solution is stationary.

E,* 2k (ko + k. — jow) |
r =] =i-"- .
E, T o + ke — jOw)? + g2 (3.16)
R(a)) = E i = | 2kcg i
E' (k0+kc_]6w)2+g2

l

Under experimental conditions, the intrinsic losses of the resonator determine
the value of ko, while the inhomogeneities of the surface determine the value of
g. As a result, the k¢ value can be modified experimentally; in most cases, this is
accomplished by adjusting the distance that separates the microfiber and the

micro-resonator.

61



3.2 Thermal poling basic theory

3.2.1 Single-Carrier Model

In 1994, Mukherjee et al. [44] described the thermal poling process’s dynamics
for the first time. According to the model, impurity ions in the glass matrix can
create locally static electric fields capable of orienting the bonds by applying an

external electric field. The induced x® is expressed by:

npf (3.17)

Where ¥®Epc denotes the third-order optical rectification process, and Epc
denotes the local field caused by the non-uniform charge distribution. In equation
(3.17), B denotes the electric field-induced orientation of the second-order
molecular hyperpolarizability, ke denotes the Boltzmann constant, T indicates
the absolute temperature of the sample, and p represents a permanent dipole
moment associated with the bond. Finally, N is the total number of dipoles
involved in the process. The latter entails the creation of a space-charge zone
close to the anodic electrode that is entirely devoid of impurities. The negatively
charged non-bridging oxygen (NBO) centers are contained within this part of the
glass. Applying high electric fields at elevated temperatures allows the originally
electrostatically linked ions to be dislodged and moved away. As a result of
Poisson’s equation, the electric field in the depletion region can be calculated

[89].

1
_qn _(2eV\2
Epc = ?(a - X), 0<x<a, a= (q_n) (3.18)
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Where o is the depletion width, n is the impurity concentration, q is the
magnitude of the electronic charge, ¢ is the dielectric constant, and V is the
difference in potential applied externally between the two electrodes. This result
is based on the assumption that the width of the depletion layer on the anodic
side is significantly greater than the width of the corresponding cathode
accumulation layer. However, a subsequent study by Alley et al. [90] revealed
several experimental observations incompatible with this single-carrier model,
including multiple time scales for poling and the dependence on the sample

thermal polling history.

3.2.2 Multiple-Carrier Model

Early experimental results appeared to confirm that a negatively charged region
under the bulk silica sample’s anodic surface [91] had formed as predicted by
the single carrier model described in Section 4.2.1. Still, subsequent observations
revealed that the thermal poling process of silica is more complicated than just a
uniformly negatively charged region. For example, Kazansky et al. [92]
discovered zones of alternating charge below the anode. At the same time, Myers
et al. [28] found that the depth of the nonlinearity generated in polarized bulk
samples was greater when samples were thermally poled for two hours rather
than fifteen minutes. Suppose the depletion region was a uniformly negatively
charged region. The electric field frozen into the glass was expressed by equation
(3.18); then, according to equation (3.17), the x® induced would be peaked in
the region closest to the anode rather than at a specific distance as was commonly
observed in the initial poling experiments [93]. A more comprehensive
description of space-charge region formation and the induction of second-order
nonlinearity in bulk silica glasses was acquired by Kudlinski et al. in 2005 [94].

Even though the single-carrier model can still be used to describe the temporal

evolution of depletion region formation early in the electromigration process,
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multiple-carrier models become necessary to describe the poling process’s
temporal evolution after a specific time, called the optimal time (topr) [95].
Assuming that we take into account both the fast carriers (impurity charges) and
the slow carriers (hydrogenated species), as well as both migration and diffusion
phenomena, the equation of continuity and Poisson’s equation can be written as
[94]:

op; d(p;E) 9 °p;

ot~ M ox Cox? (3.19)
JE _q Z
ax € L (Pi — Poi) (3.20)

At the temperature used in the poling experiment, the ith species’ instantaneous
ion concentration (in ions/mq) is p;, its initial ion concentration is po;, and its
mobility is pi. Aside from that, q denotes the electron charge, ¢ denotes the
permittivity of the medium, Di denotes the diffusion constant of the ith species,
and kg denotes the Boltzmann constant, with T representing the temperature of
the medium. Equations (3.19) and (3.20) describe the spatial distribution of the
electric field in the sample. The following assumptions concerning the voltage
applied: the potential at the anodic surface (x=0) equals Vapp, and the potential at
the cathodic surface (x=l) equals zero. Consequently, the first boundary

condition is as follows:

L (3.21)
f Edx = Vypp
0
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In contrast to the impurity charges (such as Na.) already present in the sample at
an initial uniform concentration poa+, the hydrogenated species have an initial
density po,++ They are injected into the glass at a rate dependent on how strong
the electric field is at the anodic surface. As a result, the second boundary

condition has the following form:

(3.22)

(apH+
ot

) = o+ E(x = 0)
x=0

Where on+ denotes a variable parameter describing the charge injection of the
hydrogenated species into the glass. By applying the voltage (Vapp) throughout
the entire sample of length I, an electric field equal to Vapp/l is generated, and
because pna+>>un+, a depleted layer close to the anode surface of the glass is
formed as a result of the Na ions migrating toward the cathode. External
electromagnetic fields are shielded by an increased electric field generated at the
sample’s surface. The maximum Epc value is achieved when the fully formed
space charge region. The injected carriers’ concentration per second increases
rapidly at this point. Also, at this point, the drift velocity of the hydrogenated
species vu=un+Epc equals or exceeds that of Na ions outside the depletion region,
which has a reduced external electric field due to the space charge screening.
When thermal poling lasts longer than a few minutes, the injected ions slowly

replace the Na ions removed earlier, neutralizing the NBO- centers [94].
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3.3 Theoretical description of Strain-Optic effect in
cylinders

A material’s optical properties can change due to mechanical strain, described as
the "strain-optic effect.” Traditionally, this effect is expressed in terms of strain-
induced () variations of the relative dielectric impermeability tensor (the inverse

of the permittivity tensor), denoted as .

i (&) = 771(,(]')) + Any;(e) = 771(,?) + 2 Pijk1€x]
K1 (3.23)

Where ’11(,?) represents the impermeability tensor of the undisturbed material and

ik represents the tensor of the strain-optic coefficients. In general, a tensor of
the fourth rank has 81 independent elements. However, due to the strain tensor
symmetry (gx; = &) [96]and the impermeability of tensor symmetry (n;; =

n;,i) [97], the number of elements is reduced to 36.

This enables the use of a contracted index notation to avoid double indices. As a

result, Pijxi1 = Pmn Where m,n=1,2,...6. Equation 5.1 can be reduced to its

simplest form using this notation.

Nm (8) = 1151(1]) + ATlm(S) = 7’51(1)) + z Pmnén
n (3.24)

There are no dimensions in terms of strain-optic coefficients, and the structure
of the material medium determines the number of independent components. For
isotropic materials, which is the case study in this chape, the number of
independent components is reduced to two, and the strain-optic tensor can be

written in contracted notation as follows:
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P11 P12 P12
P12 P11 P12 \
_ | P12 P12z Pu1 |
Py = Pas | (3.25)
DPaa /
Paa

Where py, = %(p11 — p12). Once the expression of the strain-optic tensor has

been described, it is necessary to determine the form of the strain tensor (i.e.,
how the mechanical strain is applied to the material) to obtain the variation of
the dielectric permittivity of the material. This chapter will investigate the
deformation a cylindrical MR (a rod) experiences when subjected to axial

stretch.

Axial Strain
Lo applied

L | AL

Figure 3.3 A schematic representation of the deformations experienced by a cylindrical-

shaped resonator when subjected to axial stretch.

In Figure 3.3, an axial stretch is applied to a rod, and the effects of this stretch
are depicted schematically. The unperturbed cylinder has the following
dimensions: length L and radius a when no external strain is applied. It is
Important to note that when an axial deformation is considered, the length of the
rod experiences elongation AL, which is combined with a reduction in the radius
Aa. The axial deformation, denoted by &, is given by the elongation of the axis
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divided by the unperturbed length: .= AL/Lo. When a positive Poisson’s ratio
material is stretched in one direction, the elongation in that direction is
accompanied by contractions in the two transversal directions of the material.
The Poisson’s ratio gives the ratio between these deformations, v= - ex/ez, v= -

eylez.

We can calculate the variation of the impermeability of a rod under axial

stretch by considering the different deformations and the strain-optic tensor:

Ay P11 P12 P12 —VE,

Any P12 P11 P12 \ /—vez\

dn; 1 | P12z Pz P Il €z

Ay | Pas | 0 (3.26)
an,, P4a / 0

AN,y P4s 0

We can determine the axial strain-induced changes in the permittivity tensor by
solving the equation (3.26). The refractive index (n) of a material is linked with
the permittivity (&) and permeability (ur) with the following mathematical
formula n = +/e,1,.. However, materials are nonmagnetic in optical frequencies,

and as a result i, = 1. As a result, the 3.26 can be written as:
Aegt P11 P12z P12\ /~VE
AS;I =| P12 P11 P12 || TV (3.27)
Ag?t P12 Piz P11 €z

Using the relationship &, = n? we can derive

1 1 P11 P12 P12\ /~VE;
———==|D p p —ve
(n+ 4n)?2  n? ( 2Pl 12) . (3.28)

P12 P12 P11
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We can analyze the left term of the above with the Taylor series.

1 L, an oo dn
e — NN _—=
(TL n An)z TLZ nis very Sso n an n X (329)

1

1+x2)

around 0.

Taylor series in .

o x—a)
f(x)=(1+—x)2; fx) =f(a) + f'(a) gt a=0
1 1 1-2x 1 24n
f(x) =1-2x Asaresult 1 Anz_ﬁ_) ——E =TT
n(1+57)
As a result, the 3.26 equation becomes:
An, n3 (P11 Pz P12\ [TVE
An, | = Y P12 P11 Piz || ~VE (3.30)
An, P12 P12 P11 &z

The transversal components x and y have the same variation. 4n, = 4n, =

Any.

(3.31)
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Another view of the above equations is the following.

An, n

2
ne, =5 [—vpr + (A = v)p12] = pre

2

An n
Z = —? [P11 - 217?12] =Prm

(3.32)

ne,

Axially induced strain, e,=AL/Lo, and variations in the radius and Poisson's
ratio (v) determine the changes in the mechanical properties of an optical
resonator. Specifically, to investigate how an axial stretch influences the spectral
position of the WGM resonances in a cylindrical dielectric resonator, it is
necessary to solve the characteristic equations for a uniaxial medium described

in equation 3.10.

AL
Ada = —ave, = —av— (3.33)
Lo

We can obtain the relative shift of the WGM resonances considering the resonant
condition for a WGM, mAr=27nesr, and apply a perturbative approach as a

function of the axial strain.

AL 1 da 1 dn
R = ( e ) Ae, (3.34)

=(=—+
AR adSZ neff dSZ

Incorporating strain as a perturbation in the characteristic equations of the
WGMs, Egs (3.10), enables us to write the first-order approximation for the

relative shift of the resonances [66]:
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[A}LR A An, ,

=7 + (1 = Crgrm) (3.35)

AR TE,TM No

Crermis a small coefficient dependent on wavelength, radius, and the material's
refractive index. The coefficient is distinct for each polarization state and can be
determined using the experimental parameters. The strain-optic coefficients can
be obtained by measuring the shift of both polarizations as a function of the strain

and solving a linear system of equations.

Sterm = —V — 1- CTE,TM)pet,ez (3.36)

The slopes of the WGM resonances relative shift with axial strain for each
polarization are Ste and Stwm, respectively. Eq. (3.35) adds a 4 percent correction
to the rough estimate obtained when the effective index of the modes is
approximated to the material refractive index (Ctgrm = 0) in Eq (3.34). As a
result, to obtain the most precise values for evaluating the strain-optic effect, we
will use Eq. (3.35) to calculate p:: and p12. According to Equations (5.5) and

(5.9), strain-induced birefringence is

ANgtrain _ Anry  Angg _ Alry _ AArg (3.37)

ny ny Ny Arm Arg

And leads to the optical strain coefficient

r Anstrain 3 (338)

n
=od+v) 2 (P12 — P11)

with corresponding stress optical coefficient
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1+
2E (3.39)

3.4 Summary

This chapter presents the theoretical framework of whispering gallery mode
resonances, emphasizing cylindrical symmetries and coordinates. The discourse
extends to an in-depth consideration of mode resonance theory and associated
sensing mechanisms. Subsequently, it elucidates the fundamental principles of
thermal poling, culminating with a comprehensive analysis of the strain-optic

effect.
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4 Whispering gallery mode resonances in
thermally poled borosilicate glass
hetero-fibers

This chapter investigates radially oriented thermal poling in borosilicate glass
optical fibers, then examines whispering gallery mode resonances within these

hetero-fibers.

4.1 Borosilicate glass hetero-fiber

The Duran® Schott, a borosilicate glass tube in which a co-centric silver wire is
placed, was used to create the glass hetero-fibers used in the current experiments.
The diameter of the resulting glass fiber is approximately 115 um, and the
diameter of the silver wire is about 20 um, respectively (see Fig.4.1). The
chemical composition of Duran® Schott glass is 81% SiO2, 13% B:03, 4%
Na:0+K:0, and 2% Al.O3[98]. While we employ this specific optical fiber to
stimulate WGMs resonances, it has been demonstrated that these optical fibers
can facilitate light waveguiding proximal to the fiber's core [99]. A value of
Nouran=1.4563 was calculated using extrapolation of the Sellmeier equation at 1.5
um spectral region using coefficients from the visible wavelength regime for the
refractive index of the pristine Duran® Schott glass hetero-fiber. The Sellmeier
equation is an empirical relationship between the refractive index and the
wavelength of a transparent medium. Light dispersion in a medium can be
calculated using this relationship. Specifically, the equation consisting of three

terms is commonly used to characterize the glasses [100].

B, A? B, A? B;A?
2/1 -1 1 2 3
n*(1) +/12—61+AZ—CZ+AZ—C3 4.1)
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Where n is the refractive index of the glass, A is the wavelength, and B123and

Cu23are experimentally determined Sellmeier coefficients. We can calculate the

six unknown parameters of equation 4.1 by using the specific 6 combinations of

refractive index and wavelength for Duran glass that have been identified [101].

Wavelength (nm)

435.8
479.9
546.1
589.3
643.8
656.3

Refractive index

1.4802
1.4768
1.4731
1.4713
1.4695
1.4692

Then, the coefficients that best fit the equation can be extracted for the previously

mentioned wavelength-refractive index combinations.

Figure 4.1 A SEM image depicting the cross-section of a borosilicate glass hetero-fiber

Silver wire ,
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4.2 Thermal poling experimental setup

Initially, an effort was invested to thermally pole the optical hetero fiber
within a stainless steel ferrule. In this specific arrangement, the central metallic
wire was connected to the negative electrode of the high power supply, while the
metallic ferrule was linked to the positive electrode. However, by applying up to
200 Volts, the micrometric-scale distance between the electrodes exceeded the
electric breakdown threshold of the borosilicate glass (~ 40 VV/um).

As a result, the Margulis et al. [33] approach was adopted to achieve
significant ion migration in the outer circumference of the particular glass hetero-
fiber geometry, where WGM resonation is confined. Thus the cathode was
connected to the inner metallic wire, while the surface of the hetero-fiber was

grounded (see Fig. 4.2).

Grounded
Nitrogen flow stainless steel |
chambef/ Duran glass fiber Negative dliaged
_/ / Silver cable
L ‘ /
250 °C

-kv oN
/ /

Hot plate High voltage power supply

Figure 4.2 Schematic representation of the thermal poling experimental setup

Glass hetero-fibers with lengths ~12 cm were thermally poled in a stainless-steel
chamber (with a fixed volume of 20 cmq) in a flowing nitrogen atmosphere (with
a flow rate of approximately 65 cm®sec). Using nitrogen gas flow, it was

possible to prevent the introduction of hydroxyl groups into the glass network
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from the surrounding environment, thereby avoiding partial neutralization of the
ion-depleted zone that had formed [102].

Nitrogen flow Chamber ground electrode
R [

S IO VULIAGE
DO NOT TOUCH THE TABLE...

High voltage

Nitrogen regulator power supply

Temperature sensor

Stainless steel chamber

Hot plate

Figure 4.3 The thermal poling experimental setup

A high-voltage power supply (HVPS) was used to generate axial electric fields
(18 MV/m) between the metal core and the glass cavity’s circumference (Fig.
4.2). Silver conductive paste connected the HVPS’s negative electrode (cathode)
to the metalcore. Additionally, the stainless-steel anode directly contacted the
glass fiber surface. The stainless-steel chamber was placed on top of a hot plate
that could reach temperatures of up to 300 degrees Celsius with an accuracy of
one degree Celsius. The central metallic core applied negative voltages ranging
from 700 V to 1000V. The breakdown voltage of the borosilicate glass
necessitated limiting our experiments to 1000 V. Due to the high alkali
concentrations in Duran® Schott glass, it was impossible to pole it using the
same procedure used for fused silica glass, that is, to directly set the final value
of electric potential. Instead, it was poled using a different approach. A step-by-
step voltage increment was implemented to ensure the current flow did not
exceed a critical limit ( 1mA) [103], preventing a thermal runaway. Experimental
evidence has revealed that an increment rate of 100V every 10 minutes,

following an initial increase of 600 V, meets the criteria outlined in the previous
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section. Thermal polling was conducted at a temperature of 250°C for poling
times ranging from 20 minutes to 75 minutes. After this period, the hotplate was
turned off to cool down, but the DC voltage was kept on until the poled hetero-

fiber reached room temperature.

4.3 WGMs experimental setup

Before and after the thermal poling process, the spectral characteristics of
Duran® glass hetero-fiber cavities were determined using the apparatus
Illustrated in Figure 4.3. An adhesive tape was used to attach the hetero-fibers to

a bronze fork custom designed for this project.

--5  Thermally poled

Tapered /il
EDFA optical fiber -

‘E/optic-alfiber \ DeA

PMOF Zing™ polarizing

optical fiber

50 pm
Duran glass et =

Figure 4.4 Whispering gallery modes experimental setup Inset (a) Optical microscopy cross-section

picture of the 115 pm diameter Duran glass microcavity.

A 2.2 um diameter tapered standard telecom optical fiber was used to excite the
WGMs within the optical cavity and light from an erbium-doped fiber amplifier
(EDFA) in the 1.5-micron spectral region. An optical spectrum analyzer (OSA)

was used for signal recording. A ZingTM polarizing optical fiber (ZF) was used
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to resolve the TE and TM modes supported inside the cylindrical resonator,
respectively (see Fig. 4.4), with a polarization extinction ratio of 6 dB/m
approximately. Our notation has stated that TE modes’ electric field vectors are
perpendicular to the z-axis. In contrast, TM modes’ electric field vectors are
perpendicular to the z-axis. The radial (I) and azimuthal (m) modal numbers can
be used to define the localization of each optical WGM within a cylindrical
resonator. No axial modal number is determined since the resonator structure is

nearly cylindrical.

4.4 Optical and material diagnostics procedures

Non-linear microscopy was used to probe second-harmonic generation (SHG)
in backscattered mode, using femtosecond laser radiation at 1028nm, 200fs, and
50MHz to confirm the impact of the thermal poling process on the treated hetero-
fiber under the specific conditions. Thermally poled samples that had been well-
cleaved were examined using the experimental setup (apart from the laser
source) and procedure described elsewhere [104]. Also investigated was the
possibility of structural changes occurring within the glass, specifically close to

the anode side.

A Raman spectroscopy setup was used to accomplish this. A laser of 532 nm
wavelength with a power of 24mW was used to illuminate the sample during the
Raman measurements [105]. A long working distance objective lens with 50x
magnification and 0.50 NA was used to focus the laser beam on the end face of
the glass hetero-fiber. The grating groove density was 600 grooves/mm, and each

measurement was exposed for 5 seconds.

Finally, Energy Dispersive X-Ray Spectroscopy (EDX) was used to determine
the spatial distribution of ions within the hetero-fiber glass matrix and confirm

the presence of electromigration effects in the matrix.
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4.5 Type of thermal poling anode

As mentioned earlier, negative charges are formed after the poling process due
to the depletion of the subanodic glass region from positive charge carriers,
alkali, and alkali-earth ions. Alkali ions move under a very high electric field
with magnitudes of up to volts per nanometer in a thick micrometer layer beneath
the anode [106]. Using an open anode that is an electrode that allows contact
between the negatively charged anodic surface of the glass under poling and the
surrounding atmosphere; it is proposed that the essential compensation of
negatively charged non-bridging oxygen atoms is due to the injection of
positively charged species of atmosphere origin into the glass. The positively
charged species of atmosphere origin are most likely HzO*/H* ions [107]. This
process results in hydrogen bonding with non-bridging oxygen in glass, thus,
neutralizing the negative charge. In poled glasses, oxygen-bonded hydrogen has
been observed several times [108].

Similarly, in the presence of an anodic electrode that prevents the glass from
coming into contact with the atmosphere, such as metal films deposited via
vacuum sputtering [109] (poling with a so-called blocking anode), poling in a
vacuum [110], or poling in an inert atmosphere, the depth of the alkali-depleted
region decreases to the micrometer range, and the negative charge is
compensated. Most studies using poled glasses have failed to uncover this
compensatory mechanism. Regarding soft silicate glasses, such as the widely
used soda-lime glass or borosilicate glass in poling experiments, there are only
two negatively charged species: oxygen ions and electrons, both in abundance.
As a result, the nature of the anode electrode is expected to influence the type of
compensation mechanism that occurs during poling, which is triggered by the
depletion of mobile cations. According to the IR and Raman spectroscopy results
presented by Marc Dussauze et al. [109], the formation of the hydroxyl group
was detected only in the case of the air-poled glass, which suggests that it is
possible to distinguish significantly between the two electrode configurations.

However, they observed a common characteristic for both atmospheric
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conditions: an increase in the degree of polymerization of the silicate network
within the space charge zone, regardless of the atmospheric condition. The loss
of non-bridging oxygen atoms would cause an increase in the population of
bridging bonds within the silicate network, as previously discussed for other
glass systems [111]. This would indicate that oxygen ions played an important
role in anionic conduction during poling. So it turns out that both H3O*/H" ions
injection and, to a lesser extent, non-bridging oxygen removal serves as
compensation mechanisms for the air-poled sample [109]. However, no H3O*/H*
lons were detected in the argon-poled sample. Structural rearrangements
inducing anionic conduction by releasing non-bridging oxygen atoms appear to

be the dominant compensatory mechanism.

4.6 Thermal poling results in Nitrogen Flow

The thermal poling process was carried out in the hetero-fiber under the presence
of nitrogen flow, inhibiting the insertion of cation species from the surrounding

atmosphere into the glass on the anode side throughout the procedure.

4.6.1 Microscopy  mapping using  non-linear
techniques

To validate the glass structure's thermal poling, we examined poled and
unpoled hetero-fibers using non-linear 1028nm laser microscopy to trace the
SHG signal caused by ion displacement. Figure 4.4a shows an SHG image of the
hetero-fiber cross-section illustrating the spatial distribution of second-order
nonlinearity for a cavity poled in the presence of nitrogen at 250 °C for 75
minutes with a negative voltage of 900 V applied to the central wire; Fig. 4.4b

shows a corresponding SHG image of the unpoled hetero-fiber.
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Figure 4.5 a) SHG signal obtained from a poled hetero-fiber WGM cavity cross-section for 75

min poling time b) The corresponding SHG image from the unpoled hetero-fiber.

As a result of the ion migration and dipole formation, the SHG experiments
revealed an annular green ring around the hetero-fiber glass cavity’s outer
circumference, with typical dimensions of about 5 um, locally introducing non-
linear dielectric susceptibility ¢(?. The distance between the green SHG ring and
the outer surface of the hetero-fiber is measured to be approximately 3 microns;
this is in good agreement with poling experiments in fused silica and borosilicate
glasses, respectively [112]. The silver cable responsible for the SHG signal can
be seen in the center of Figure 4.5 [113]. After six months, the same hetero-fiber
was obtained, with the same SHG signal intensity, to ensure the poling process
was stable. The experiments described above show that the hetero-fiber was
thermally poled, and ion electromigration occurred in a radially distributed

pattern.
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4.6.2 WGM spectra obtained experimentally in
hetero-fiber cavities

Non-linear laser microscopy investigations were followed by measurements of
WGM spectra, which were obtained using the experimental procedure described
earlier and compared to the WGM spectra of the unpoled cavities. In Figure 4.6-
4.8, a comparison of the effect of thermal poling on the WGM spectra for each
polarization component is shown, with modal (loaded) Q-factors reaching
5.9x10* for both polarisations, as estimated from their respective linewidths
[114]. Along with the fundamental WGM modes (zeroth radial order and varying
azimuthal order), the un-poled hetero-fiber sample (Fig. 4.6 a, b) supports many
of higher-order interstitial radial modes, as expected given the large radius of the
cylindrical resonator. Full-wave eigenvalue simulations (COMSOL
Multiphysics) were used to allocate the modal order and describe the WGM
resonation of the glass hetero-fiber cylindrical geometry. The free spectral range

(FSR) of the azimuthal modes with radial order I=1 for both polarizations is 4.62

2
nm which agrees with the theoretical value m’l—rn

Pristine glass hetero-fiber
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Figure 4.6 Experimental WGMs spectral results for both polarization states, TE Modes

(black) and TM Modes (red), for pristine glass hetero-fiber
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The corresponding spectra for the same wavelength band obtained after thermal

poling for 75 min (Fig.4.7) reveal the impact of ion migration into the WGM
resonation in the glass cavity.

Poled glass hetero-fiber: 250 °C, 900 V, 75 min, N flow
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Figure 4.7 Experimental WGMs spectral results for both polarization states, TE Modes
(black) and TM Modes (red), for poled glass hetero-fiber for 75 minutes poling time

More precisely, a selective compression, or even annihilation, of higher-order
radial modes with radial orders 1=2 and 1=3. The mean value of the FSR of
azimuthal modes for I=1 for both polarizations increased to 4.64 nm, indicating
a change in the refractive index of the ring area where these modes are localized.
Furthermore, a decrease in the strength of higher radial order modes is observed,
accompanied by a reduction in the quality factor (~4.6x10%).

In experiments with identical conditions, this specific spectral behavior of the
WGMs resonances in thermally poled glass hetero-fibers was consistently
detected. Shorter poling durations resulted in weaker and fewer mode
suppressions (see Fig.4.8) for a cavity poled for a 45min session. In the case of

poling times less than 20 minutes, no modal suppression effects were observed.
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Poled glass hetero-fiber: 250 °C, 900 V, 45 min, N flow
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Figure 4.8 Experimental WGMs spectral results for both polarization states, TE Modes
(black) and TM Modes (red), for poled glass hetero-fiber for 45 minutes poling time

4.6.3 Structural investigations of the hetero-fiber
WGM cavities

Further understanding of the WGM spectral data in Figure 4.6-4.8 will require
precisely mapping the radial refractive index changes induced in thermally poled
optical hetero-fiber cavities. Due to the presence of the center metallic wire,
which interfered with end-face light firing and efficient light guidance,
traditional back-illumination procedures were unable to perform refractive index
mapping. An alternative approach was used to investigate the spatial distribution
of ion migration and the structural changes induced in the poled glass by
employing energy-dispersive X-ray spectroscopy (EDX) and Raman scattering
measurements close to the anode side. The above techniques gave us a qualitative
picture of the profile of refractive index changes.

EDX measurements of a pristine and a thermally poled (75 min, at 250 °C)
hetero-fiber are presented in Figure 4.9. The primary cations traced were sodium
(Na) and potassium (K), as their distribution essentially defines the local
refractive index profile. They are the glass network modifiers that can move in
response to an external electric field. A flat-like ionic distribution runs along the

length of the pristine hetero-fiber. Figure 4.9a reveals that the atomic
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concentration changes along the radial direction are less pronounced for the
heavier and larger (in volume) potassium cation than the lighter and smaller
sodium. The data shows that this difference between the two cations is more
pronounced at greater depths from the fiber circumference. Surprisingly, this
finding is consistent with the well-established importance of activation volumes
for cation transport in glassy electrolytes [115]. For the poled sample, Figure
4.9b illustrates how the spatial distribution of the total cationic atomic
concentration (Na + K) varies concerning distance from the fiber’s surface [116].
Fig. 4.9b represents the total spatial distribution of the ions in a thermally poled
sample divided into three distinct zones [117]. The ion-depleted (ID) region,
located just below the hetero-surface fibers and has a width of approximately 3
microns, is followed by the ion accumulation (IA) zone, which has a width of
about 5 microns. The rest is consistent with the original glass state.

The spatial results obtained using SHG imaging (see Fig. 4.5) and those
obtained using EDX spectroscopy (see Fig.4.9a, b) are qualitatively consistent,
with the SHG ring completely overlapping the EDX-mapped ion-accumulation
zone [102], [118], [119]. The thermal poling technique negatively changes the
refractive index profile near the anode side. Depending on the glass
stoichiometry, it can be as high as n~0.1 [120], with correspondingly positive
changes in the refractive index assumed in the middle of the ion-accumulation

Zone.
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Figure 4.9 (a) Analysis of atomic concentration of the cationic network modifiers (Na, K)
versus depth from fiber circumference was performed using EDX (b) The spatial distribution
of the total atomic concentration of the ions above is plotted as a function of the distance from

the circumference of the fiber.
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We will then investigate the structural effects of cation displacement on the
optical fiber’s glass network by employing Raman vibrational spectroscopy. A
representative u-Raman spectrum from each of the three zones (cation depleted,
cation accumulation, and pristine) is shown in Figure 4.10. A strong band
dominates all spectra at around 450 cm and a weaker profile at about 800 cm™.
The former is attributed to the network’s silicate entities, whereas the latter
results from vibrations within the boroxol units of the borosilicate network [121],
[122]. The spectra have been normalized to the dominant 450 cm™ band to
facilitate comparisons. In addition, Figure 4.11 depicts the variation in the full-
width half maximum (FWHM) of the 450 cm™ profile as a function of the
circumference depth. This broad silicate Raman band comprises SiO4 tetrahedral
units containing four bridging oxygens, one non-bridging oxygen, and two non-
bridging oxygens. It is well established that introducing non-bridging oxygens
increases FWHM due to the gain of intensity near 580-590 cm-?, the region where
the two non-bridging oxygen silicate entities are active. As shown in Figure 4.11,
the full width at half maximum (FWHM) of the silicate band increases as we
move from the ion-depleted region to the ion accumulation zone before
stabilizing at a constant value for all depths within the unaltered glass. These
findings are in excellent agreement with the relationship between cation
concentration and depth (Fig.4.9). As the cations migrate towards the core of the
optical fiber, the silicate part of the network depolymerizes, allowing the
introduction of negatively charged non-bridging oxygen atoms into the network

to balance the positive charge difference caused by the cation accumulation.
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Figure 4.10 Raman spectra of the thermally poled hetero-fiber cross-section for three

distances from fiber circumference.
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Figure 4.11 Silicate entities 450 cm™* Raman band FWHM versus depth from the fiber

circumference.

Moreover, the relative intensities of the two main modes at 450 and 800 cm!

indicate the average population of silicate and boroxol entities of the mixed
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borosilicate network. The increase in the latter feature compared to the 450cm
feature suggests that the cation movement induces the coupling of the silicate
entities to the boroxol rings, resulting in mixed borosilicate rings. Previous
optical, spectral, elemental, and structural investigations established the effect of
thermal poling on the refractive index properties of the Duran® hetero-fiber by
forming two distinct annular, concentric regions, with the outer (ion-depleted-
zone) undergoing negative refractive index changes and the middle (ion-
accumulation-zone) undergoing positive refractive index changes. In agreement
with this assumption are the FSR data obtained for WGMs with I=1, which were
localized close to the periphery of the fiber. The blue shift of the TE(1,m) modes
is attributed to the reduction of the refractive index of the outer “ion-depleted”
layer due to the thermal poling and ion-migration process.

From the free spectral range and the spectral positioning of different order
WGMs, we have evaluated a “nominal refractive index” for this outer zone used
to build a refractive index profile used in the numerical simulations (see next
chapter). More specifically, cavities poled for 75 minutes correspond to a locally
probed, negative refractive index change of Anip~ -6.3x107. By correlating this
refractive index change Anip, with the EDX measurements of the ion-depleted
and pristine zones, we can estimate an average refractive index change per
combined Na/K ions concentration changes ACnak, as &=Anip/ Acnak (%), having
an approximate value of 6.3x1073. By taking into account, the ratio & and the
EDX ion-concentration data in Fig.4.8, the refractive index change of the middle
ion-accumulation zone is estimated to be Ania~1.0x10?; a Figure that agrees
with the reports presented by others [117], [123]. The specific refractive index
values best fit the simulation results presented in the next chapter with the
experimental data. Additionally, we assume that both the Anip and Ania
quantities are primarily attributed to ionic-polarizability-induced refractive
index changes and less to stress-induced refractive index changes [124], as
Duran® is a thermally tempered glass and stresses generated at the interface
between the metal wire and the glass are primarily localized well away from the

hetero-fiber circumference.
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4.6.4 Finite element analysis simulations

After applying the radial thermal poling procedure to this Duran® hetero-fiber,
the main question is the physical reason behind the suppression of higher radial
(I) order WGMs supported in this fiber. Radially distributed loss and/or
refractive index changes could be involved in a modal tailoring mechanism.
However, because the overall loss and Q-factor of the relevant spectral
resonances in the WGM spectra obtained for Duran® hetero-fibers before and
after poling are not significantly different, the correlation between observed
selective modal suppression and a loss-driven mechanism appears improbable.
Instead, a purely refractive index-based mechanism can be investigated. The
refractive index profile introduced by the thermal poling process hint at the
excitation and resonance of specific radial modes.

In particular, we demonstrate that the suppression/destruction of higher-order
radial WGMs in the thermally poled hetero-fiber cavities produced by the
refractive index step profile formed in the outer ion-depletion and inner ion-
accumulation zones is justified. As a result of the lower refractive index of the
ion-depletion zone, the excitation efficiency for higher-order radial modes,
primarily contained within the volume of the WGM resonating cavity, is
reduced. The significant increase in the refractive index of the ion-accumulation
zone, on the other hand, shifts higher-order radial modes (I > 2) in the middle
annular zone, which is located 2.5-3 um below the surface of the glass hetero-
fiber, and consequently lowers the evanescent field and modal excitation.

The optical structures in question have been rigorously simulated using the
finite element method (FEM) (COMSOL Multiphysics) to compare the optical
characteristics of the poled glass cavity to those of the pristine one. This has

further supported our assumption.
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Figure 4.12 (a) Schematic of the resonant thermally poled cavity under study. (b-d)
Normalized electric field intensity (V/m) WGMs modal results from a Finite element method
program for TE Modes for azimuthal number m=327 and radial order I=1, I=2, and 1=3,

respectively. (e) Refractive index spatial distribution was used in the FEM simulation.
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We carried out two types of simulations: eigenvalue simulations to investigate
the WGM resonances supported by the cavity and harmonic propagation
simulations with excitation to calculate transmittance spectra for horizontal and
vertical polarizations and compare them with the experimental data. The
geometry considered in the simulations is depicted in Figure 4.12a (one quadrant
shown); it is the 2D representation of the cavity, justified by the homogeneity
along the z-axis (d/dz=0). The dimensional parameters used were rfiper= 57.5 um,
np=54.5 um, and ria= 49.5 um. Its refractive indices are as follows: nip=1.4503,
Nia=1.4663, and Nnpristine=1.5563. The distribution of the different refractive index
zones in a hetero-fiber glass cavity that has been thermally poled for 75 minutes
Is depicted in Fig.4.12e. This refractive index profile was constructed using the
& factor determined from the EDX ion density data and the FSRs for poled and
unpoled cavities. Results of the eigenvalue simulation for the poled cavity (75
minutes) are depicted in Figures 4.12(b)-(d). Modes of first-, second-and third-
radial-order are shown; they are associated with a different mode extent along
the radial direction. According to Figure 4.11b, the field distribution (|ReEz|) of
the first-order radial mode (1=1) extends predominantly over the lower refractive
index ion-depleted zone, which is expected to lower the effective index of the
mode and shifts its spectral resonance position to the blue.

On the other hand, modes with 1>2 extend their overlap over the higher
refractive index ion-accumulation zone. A strong overlap of the inner, higher-
intensity lobe of the 2" order (I=2) radial mode (Fig.4.12c) with the higher
refractive index ion-accumulation zone is observed, which is expected to
Increase its effective index and red-shift the spectral resonance position of the
waveguide. Figure 4.13 (a) and (c) show these relative spectral shifts for pristine
and poled glass hetero-fiber WGM resonances. TE(1, m) resonances are “blue-
shifted” while (TE2, m) resonances are “red-shifted” in very good agreement
with the trends observed in the experimental data shown in Figure 4.6-4.8. For

the TM polarized modes, similar conclusions are reached.
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Table 4.1: Experimental vs. Comsol spectral data of specific WGMs before and after thermal
poling

Experimental Data

Radial order i P
Unpoled Hetero-fiber TE1326:1555.25 nm TE2316:1557.24 nm
Poled Hetero-fiber TE1,326:1549.99 nm TE2,316:1558.56 nm

WGM Shift Blueshift: -5.26 nm ;

COMSOL Data

Radial order il P
Unpoled Hetero-fiber TE1,326:1555.97 nm TE2316:1557.58 nm
Poled Hetero-fiber TE1,326:1549.92 nm TE2,316:1558.53 nm

WGM Shift Blueshift: -6.05 nm ;

Table 4.1 compares the experimental wavelength values of two modes (different
radial order) versus the corresponding Comsol data obtained before and after
thermal poling to provide a more detailed description. As can be seen, the
differences in the blue and red shifts between experimental and simulation data
are congruent and less than 1nm. It has also been demonstrated, by comparing
Figures 4.13 (a) and (c), that the 2nd (TE2, m) and 3rd (TE3, m) order-radial
modes are suppressed in the poled glass hetero-fiber, as evidenced by the
shallower transmission minima. In contrast, the transmission depths, FSR, and
linewidths (quality factors) of the first-radial-order modes (TE1, m) are largely
unaffected, which is in excellent agreement with the experimental results shown
in Figures 4.6(a) and 4.8. (a). The TM modes exhibit similar “spectral cleaning”

and agreement with the experiment.
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Figure 4.13 Finite element method WGMs spectral results for TE and TM polarization states,

unpoled (a, b) and poled glass hetero-fiber (c, d).

Additionally, we calculated the energy fraction stored for each radial WGM

order (1) in the air-extended evanescent wave for both poled and unpoled hetero-

fibers, validating our experimental results (See Table 4.2 and 4.3).

TABLE 4.2: The normalized fractional energy stored outside the resonator (in the air) for

WGMs with different radial orders of TE polarization (1) in thermally poled and unpoled

hetero-fibers.

Radial order | Unpoled hetero fibers | Poled hetero fibers Fractional change
(%) (%) (%)
=1 0.41 0.41 -0.25
=2 0.45 0.33 -25.67
=3 0.49 0.48 -1.63
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TABLE 4.3: The normalized fractional energy stored outside the resonator (in the air) for
WGMs with different radial orders of TM polarization (1) in thermally poled and unpoled

hetero-fibers.

Radial order | Unpoled hetero fibers | Poled hetero fibers Fractional change
(%) (%) (%)
=1 0.79 0.79 -0.73
=2 0.78 0.58 -25.82
=3 0.81 0.79 -1.57

As illustrated in Figures 4.6 and 4.7, the poling process reduces the depth
(contrast) of the resonances (apart from the spectrum cleaning). However, this
behavior is not a fundamental limitation of our approach. As demonstrated in
Table Il above, one of the effects of poling is that it reduces the energy stored
outside the resonator (i.e., in the evanescently decaying tail), meaning that the
coupling coefficient with the tapered fiber decreases. This can lead to better
contrast for the resonances if the initial (unpoled) resonator-waveguide system
Is over-coupled (coupling loss is more significant than intrinsic loss) [125]. This
is indeed the case in the simulations (Fig. 4.13). With decreased coupling
coefficient due to poling, the originally over-coupled system approaches critical
coupling (the condition coupling loss equals intrinsic loss) resonance depth is
improved. However, in the experiment, the system turns out to be initially under-
coupled. As a result, when the coupling coefficient decreases with poling, the
system drifts further away from critical coupling and reduces the resonance
depth. This difference is attributed between simulation and experiment to
scattering loss in the coupling region present only in the experiment (non-ideal
touching geometry of fiber and resonator, surface roughness, etc.). Tables 4.2
and 4.3 show that the energy stored in the evanescent field of the thermally poled
samples’ TE and TM radial order modes is less than that of the pristine hetero-
fiber. The 1%t and 3" radial order modes undergo small changes (<1.6%) in their
evanescent energy fraction for the thermally poled sample compared to the
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pristine hetero-fiber. Therefore, they show a negligible change in their coupling
constant with the excitation fiber and transmission depth. The 2" radial order
mode, on the other hand, exhibits a much more significant reduction of the order
of 25% in their evanescent energy fraction, which results in a substantial change
in their coupling constant with the excitation fiber and a large reduction in the

transmission depth (effective “spectral cleaning”).

4.7 Thermal poling results without implementing
nitrogen flow

To better understand the impact of nitrogen flow throughout the process, some
experiments were conducted according to the experimental procedure described
in subchapter 4.5, however, without using the nitrogen flow (open anode).
Fig.4.14 illustrates how thermal poling affects the WGM spectra for each
polarization component, with modal (loaded) Q-factors reaching 5.1x10* for
both polarizations. Various thermal poling times were tried, but the one depicted
in Figures 4.14c, d corresponds to the 75-minute poling time. No spectral clean-
up was observed in contrast to the previous chapter’s thermal poling with N flow
experiments.

There was no evidence of compression or extinction of the radial higher-order
modes. According to the results presented in Figures 4.14a,b, the FSR of the
I=1radial modes of the pristine hetero-fiber was 4.99 nm, which is slightly larger
than the value obtained in previous experiments (4.62nm). There are minor
differences in fiber diameter between different glass fiber samples, which is
responsible for this discrepancy. After 75 minutes of thermal poling, the FSR of
the 1=1 radial modes decreases to 4.98 nm (Fig.4.14 c,d), indicating a decrease
in the refractive index of the glass hetero-fiber in the presence area of the specific
modes described in the previous chapter. This FSR reduction is less than the
ambient (N flow) atmospheric conditions. An approximate 2.5x10 decrease in

refractive index in the ion-depleted region is formed due to this procedure. This
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refractive index reduction value is nearly one-third of the value observed during
the process with N flow at the same thermal poling time scale because of the

ionic species that have entered the ion-depleted region during the thermal poling

procedure.
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Figure 4.14 Experimental WGMs spectral results for both polarization states, TE Modes
(black) and TM Modes (red), for pristine glass hetero-fiber (a,b) Experimental WGMs
spectral results for both polarization states, TE Modes (black) and TM Modes (red), for poled

glass hetero-fiber for 75 minutes poling time without N flow

A second significant difference between the two electrode configurations (closed
and open) is that the second one blue-shifts the entire WGMs spectrum
regardless of the radial order. This indicates that the refractive index step profile
after the thermal poling procedure without N flow differs from the step profile
after the N flow procedure described in the previous chapter. Specifically, the
refractive index is smaller in the region close to the anode side than the initial

unpoled optical fiber; however, this refractive index state goes deeply into the
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glass (~ 6 um) compared with the nitrogen-poled optical fiber. Table 4.4
summarizes the mode shifts after the thermal poling procedure for specific TE

modes.

Table 4.4: Experimental spectral data of specific WGMs before and after thermal poling

Experimental Data
Radial order 18t 2nd
Unpoled Hetero-fiber TE1,327:1551.91 nm TE2,317:1555.13 nm
Poled Hetero-fiber TE1,327:1549.59 nm TE2,317:1552.67 nm
WGM Shift Blueshift: -2.32 nm Blueshift: -2.52 nm

This photonic behavior can be explained by considering the electric field
distribution in the subanodic depleted layer for a soft glass modeled by Dussauze
etal. [109] (Fig.4.15). According to Figure 4.12, the radial order modes with 1=3
extend to 6 um. Consequently, the first three radial order modes (1<3) realize
the same refractive index in the case of thermal poling in the air atmosphere.
Therefore, the electric field distribution and refractive index profile in the air-
poled soft glass near the anode side show a shallower profile and more spatially

extended, reaching 6 um from the anode following the simulation above.
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Figure 4.15 Modeling of the electric field distribution in the subanodic depleted layer of
poling soda-lime glass with open (air-poled glass) and blocking (Ar-poled glass) anodes
[109].

With non-linear 1028nm laser microscopy, we could trace the SHG signal
caused by ion displacement in the poled hetero-fiber that was not subjected to N
flow. Figure 4.16 shows an SHG image of the hetero-fiber cross-section
Illustrating the spatial distribution of second-order nonlinearity for a cavity poled
without nitrogen at 250 °C for 75 minutes with a negative voltage of 900 V
applied to the central wire. The image has been processed with ImageJ so to

visualize the faint signal from the circumference of the optical fiber.

99



Figure 4.16 SHG processed image with ImageJ obtained from a poled hetero-fiber WGM
cavity cross-section for 75 min poling time without nitrogen flow

It can be seen from the figure above that the SHG signal from the annular green
ring around the hetero-fiber glass cavity’s outer circumference is weaker than
that presented in Figure 4.5a. The boundaries of the locally introduced non-linear
dielectric susceptibility ¢® ring were unclear, so it was impossible to measure

the dimensions of the ring.
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Figure 4.17 Measured on the cross-sections of soda-lime glasses that were air-poled (A) and
argon-poled (B), the SHG signal was determined. The SHG signal value is expressed in
arbitrary units; the position Y=0 corresponds to the anode side, while the positive values of Y
are directed toward the cathode side [109].
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The reduction of the SHG signal and the widening of the x® ring in thermal
poling in atmospheric air conditions was also observed in other works (Fig. 4.17)
[109].

As a result, the experiments with atmospheric air conditions were not continued
because they did not reveal any interesting photonic behavior of WGMs in the

process.

4.8 Chapter conclusions

Chapter 4 delves into an analysis of borosilicate glass optical fibers subjected
to radially aligned thermal poling and subsequently scrutinizes the whispering
gallery mode resonances within optical hetero-fibers. The research outcomes are
systematically classified based on the nature of the anode implemented (either
with or devoid of nitrogen flow). It was observed that the refractive index profile
In proximity to the anode side was influenced by the kind of anode utilized,
leading to variations in the attenuation of whispering gallery mode resonances.
Regarding thermal poling in conjunction with nitrogen flow, the disruption of
the glass network's macroscopic centrosymmetric symmetry adjacent to the
anode side was affirmed via SHG microscopy. Furthermore, we employed EDX
spectroscopy to discern the ionic spatial distribution in thermally poled hetero-
fibers, establishing a distinctive refractive index profile near the anode side. This
refractive index profile lessens the coupling coefficient pertinent to the radial
higher-order modes, culminating in a spectrum "purification” for poling
durations surpassing 75 minutes. Eventually, the spectral findings were validated
via the finite element method simulation software Comsol Multiphysics.

Conversely, in the absence of nitrogen flow during the thermal poling process,
positive ions are introduced from the ambient atmosphere into the borosilicate
glass adjacent to the anode side, resulting in a notable contraction of the ion
depletion zone. As a result, a deduced SHG signal was observed from the anode

side, and there was no spectral annihilation of WGMs in the higher-order modes.
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5 A study of silk fibroin photo-elasticity in
whispering gallery modes cavities

This chapter examines the photoelasticity of silk fibroin cavities utilizing
whispering gallery mode resonations. The small mode volumes intrinsic to
WGMs facilitate illumination of the segmental properties of silk fibroin in its

two distinct states, commonly referred to as Silk | and Silk I1.

5.1 Silk fibroin

Silk fibroin is derived from the natural silk fibers produced by insects, such as
silkworms and spiders. Silk from the silkworm (Bombyx mori) and spider silk
comprise glycine-rich proteins, but their structures and compositions are distinct
[53]. Natural Bombyx mori cocoons are primarily composed of two different
proteins: SF, which makes up 70-80 weight percent of a cocoon, and sericin,
which makes up 25-30 weight percent. The SF consists of a-helices, B-sheet
crystals, and random coils assembled by repetitive amino acid sequences using
hydrogen bonds, hydrophobic interactions, and van der Waals forces [52].
Because it can potentially trigger immune reactions, sericin is typically removed

during the preparation process [126].
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Figure 5.1 A schematic representation of Silk fibroin building blocks [127]

SF has superior biocompatibility and water solubility compared to natural
biomaterials. Its biodegradability can be programmed from hours to years by
altering processing methods or postprocessing procedures (e.g., water vapor
annealing, methanol annealing, and ethanol annealing) to change the content of
B-sheet crystals and the degree of organization of noncrystalline domains.
Moreover, B-sheet crystals endow SF-based materials with superior mechanical
properties (i.e., high strength and good toughness). It has been confirmed that
the degradation rate of SF increases with decreasing the content of [-sheet
crystals. It is generally accepted that fibroin's ordered and crystalline form is the
precursor secondary structure. This structure is thought to transform into the -
sheet structure of Silk 1l when energy is introduced into the system [128]. The
Silk 11 crystalline domains are the primary stabilizing crosslinks in silk fibers

and provide the fibroin with strength, toughness, and resistance to dissolution.

103



5.2 Methods and experimental setup

5.2.1 Extraction of the silk fibroin

Silk Fibroin (SF) was extracted from row Bombyx Mori cocoons following the
original Rochwood’s protocol [129]. Cocoons were sliced and boiled in a 0.02
N sodium carbonate (Alfa Aesar) solution for 30 minutes to remove the glue-like
cladding of sericin. The degummed fibroin obtained upon separation from
sericin was then washed three times in highly pure water for 20 minutes to
remove any excess sericin; it was then dried overnight under a hood. In a
conventional oven at 60 degrees Celsius, degummed fibroin was dissolved in a
9.3 M lithium bromide (Alpa Aeser) solution for 4 hours, resulting in an amber-
colored solution. To remove salts from the solution, it was dialyzed for 48 hours
in a dialyzer cassette (Slide-A-Lazer 3.5 KDa) against ultra-pure water using an
electrolyte solution. The dialyzed SF solution was centrifuged twice for 20
minutes at 4°C at 9000 rpm to remove any remaining fibroin. An 8% wt was

produced and stored at 4°C in the fridge until needed (Fig. 5.2).
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Natural Bombyx Boil cacoons for 30 Rinse silk fibers 4 times Dry naturally overnight Add 9.3 M LiBr on top of
Mori silk cocoons Min in 0.02 M Na,CO, Silk fibers and bake at 60 °C
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Figure 5.2 Process flowchart for the regenerated silk fibroin solution prepared from natural

Bombyx mori cocoons
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5.2.2 Silk fibroin cavity preparation for forming WGM
resonators

Constructing silk fibroin cavities onto supporting glass optical fibers is necessary
so to apply longitudinal strain to the silk fibroin cavities. The optical fibers were
the SMF-28 telecommunications fibers with an initial diameter of 125 um.
However, they were reduced to less than 30 micrometers by applying a thermal
taper using a GPX-3000 Vytran glass fiber processor (see Fig. 2.7). This was
decided because, as the diameter of the optical fiber used for the cavity is
decreased, the FSR between modes of the same radial order increases. As a
result, the cavity's spectrum is clearer and easier to lock onto a particular mode

and track as we apply external strain.

Initial attempts failed because fused silica optical fiber has low hydrophilicity.
As a result, large silk droplets in height were formed after instilling the silk with
the syringe. After the water evaporated, the cavities' shape was non-symmetric,

as seen in Figure 5.3.

e —

Figure 5.3 Optical microscope pictures of non-symmetric silk fibroin cavities formed in non-

laser treated optical fiber support

The surface hydrophilicity of these SMF-28 optical fiber tapers was further
enhanced by being irradiated with radiation from a 193nm excimer laser [130].
The supporting SMF-28 tapered optical fiber was submerged in deionized water
during irradiation. The total energy dose that was dissipated to the fiber was 13

Jicm?. A tungsten amplitude mask defined hydrophilic areas of typical lengths
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of less than 100 micrometers (Fig. 5.4). After that procedure, the silk fibroin
droplets were dispersed onto the hydrophilic optical fiber tapers using a micro-
syringe in a vertical placement mode (Fig. 5.5), forming elongated cylindrical

cavities with typical lengths 100 um and diameters of 33 um.
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Figure 5.4 Vytran GPX-3000 glass fiber processor for thermally tapering down the optical

fibers

More specifically, the glass's surface was coated with a thin silk fibroin overlayer
with a thickness of 1.5 um. These silk fibroin cylindrical cavities were left to dry
In the ambient atmosphere thoroughly, so the soft material reached the Silk |
amorphous state. Afterward, to transform the cavities into the crystalline Silk 11
structure, an annealing procedure took place at 180 ° C for 10 minutes in ambient
air, resulting in a nominal diameter shrinkage with a shrinkage ratio of 0.34%.
With an average ramping rate of 8 °C min, the annealing process required

approximately 20 minutes to reach a temperature of 180 °C.
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Figure 5.5 Silk fibroin injection on the surface of SMF-28 tapered optical fibers after UV
irradiation procedure using a syringe.

5.2.3 Experimental setup

In Figure 5.6, the experimental setup used for the spectral characterization of
whispering gallery mode resonation within the silk fibroin cavities is depicted.
To suppress higher-order WGM excitation and thus obtain a few notch spectrum
[131], a tapered optical fiber with a diameter of 2.2 um was selected to excite the
WGMs within the silk fibroin optical cavity proximity mode. Light from a super-
luminescence diode was coupled into the excitation optical fiber taper, while the
WGM spectral signature was traced through the same fiber using an optical

spectrum analyzer.

107



SESEEEEEREERERER,

Figure 5.6 The experimental setup for the whispering gallery modes experiments measured
the photoelastic properties of silk fibroin cavities. The silk fibroin cavity and the optical fiber
taper that injects light (through the evanescent field) inside the cylindrical resonator are

depicted in an inset image produced by a camera that uses CMOS technology.

We used a broadband lamp with a CMOS sensor-based camera with a 20x
magnification objective lens for the imaging. The TE and TM analyses both used

a polarization-maintaining optical fiber.
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Figure 5.7 Sketch of the experimental apparatus used to characterize the silk fibroin

resonating cavities spectrally

The tapered optical fiber with a diameter of 30 um ensures a linear material
response by allowing for the controllable application of minimal strains along
the longitudinal axis of the supporting microfiber onto the cavity. Components
of the tapered optical fiber-silk fibroin cavity were mounted on a bronze fork
using UV glue, with the ability to apply strain under precise control. A DC servo
motor actuator was used to precisely elongate the optical fiber with the silk
fibroin cylinder (Fig. 5.6). The minimum achievable step for the micrometric
actuator straining the brass fork was 0.2 micrometers. An optical spectrum
analyzer (ANDO AQ6317B) was used for the signal recording. A polarization-
maintained optical fiber was used to separate the TE and TM modes supported
by the silk fibroin resonator. The strain exerted onto the 30 um diameter taper
section was calibrated using WGM resonation for TE and TM polarization while

assuming the Pockel’s coefficients holding for silica glass at the propagation
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wavelength. Figure 5.8a presents scanning electron microscope (SEM) images

illustrating a silk fibroin cavity, while Figure 5.8b shows its cross-sectional view.

1um

Glass

FORTH-IESL SEI 15.0kvV  X20,000 WD 10.1mm 1um

Figure 5.8 (a) SEM image of a typical silk fibroin cavity formed on a silica optical
fiber taper to achieve Silk Il structure after annealing. (b) Transversal SEM picture of
a radial cross-section of a ~1.5 pum thick Silk Il fibroin film overlaid onto an

underlying ~87 -um- diameter silica glass optical fiber taper.

5.2.4 Brillouin Light Scattering measurements

We used Brillouin light scattering (BLS) to determine the mechanical properties
of Silk I and Il by measuring the velocity of longitudinal (c;) and transverse (c;)

gigahertz (GHz) acoustic waves. The experimental apparatus, shown in Figure
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5.9(a), can be used to measure BLS in 90A or backscattering geometry. In 90A
geometry, the probed GHz waves have a wavevector g = (4m/1) sin45° =
16.7 um~1, where 1 = 532 nm is the laser wavelength. In backscattering BLS
the probed wavevector g = 4mn/A, where n is the refractive index of the
material. The samples for BLS in 900 transmission (90A) geometry consisted of
smooth, homogeneous films with a thickness of ca. 13.5 um on a 1 mm-thick
soda lime glass slide. All the measured BLS spectra are better represented with

Gaussian peak profiles.
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Figure 5.9 (a) The experimental setup used to measure Brillouin light scattering spectra for
Silk 1 (blue) and 2 (red) in (b) 900 transmission geometry with V'V polarization, (c) 900
transmission with VVH polarization, and (d) thin samples resembling the WGM experiment in
backscattering geometry with V'V polarization. The spectra are represented with Gaussian
peak profiles (solid lines). The spectra in (b) and (d) are normalized with the incident power,

the exposure time, and the film thicknesses (13.5 and 13.3 um for Silk 1 and 2, respectively).

In 90A with VV polarization (Fig. 5.9(a)), the frequency of longitudinal acoustic
wavesis f; ;1 = 8.19 GHz and f} , = 8.2 GHz, and the velocities ¢, ; = (3083 +
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10) m/s and ¢, , = (3086 + 10) m/s. In VH polarization (Fig. 5.9(b)) we
probe transverse acoustic waves with a frequency fr, = 4.15 GHz and f7, =
4.16 GHz. The transverse velocities are ¢, = (1561 + 10) m/s and ¢y, =
(1563 + 10) m/s for Silk 1 and 2, respectively. The densities of Silk 1 and 2
are 1400 kg/m3 and 1450 kg/m3. The shear moduli (G = p c2) are G, =
(3.41 £ 0.05) GPa and G, = (3.54 + 0.05) GPa. The Poisson ratio v =
(1—-0.5c¢?/c?)/(1 —c?/c?) = 0.328 for both samples. Young’s moduli are

found from:

- Q+v)1-2v) e

1-v (5.1)

and they are equal with E; = (9.05 + 0.05) GPa and E, = (9.40 +
0.05) GPa. The thick samples were also studied with backscattering BLS, from
which we can extract the refractive index with the relationship n =
V2£BS /290, At 532 nm wavelength, the measured values are n, = 1.593 and
n, = 1.596. In addition to the thick samples for 90A measurements, we have
prepared thin films of silk I and Il using the processes described above onto CaF
substrates, which resemble the samples used in the WGM experiment. The
thinner silk films could be measured with BLS in backscattering geometry (Fig.
5.7(c)), from which we extract the Young moduli of Silk 1 and 2 equal with E; =
(9.08 + 0.05) GPa and E, = (9.90 + 0.05) GPa, respectively.

In addition to the mechanical properties, BLS can be used to derive the relative
values of the photoelastic constants in Silk 1 and 2. Although the mechanical
properties are identical, the strain-induced optical anisotropy per optical axis of
Silk 1 is significantly higher than Silk 2 (see the intensities in Figures 5.9(b) and
(c)). The BLS intensity (I) for longitudinal waves and V'V polarization is:
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The BLS intensity for transverse waves and VH polarization is:

|Pas|? n? — sin? 45°
2

cf n? (5.3)

I"H

where n is the refractive index and the p;, and p,, are photoelastic constants.
Additionally, for isotropic solids we have p,, = (p;; — p12)/2. For the

depolarization ratio we then have:

fr

v _ (fL)Z |paal? n? — sin® 45°
|p12[? n? (5.4)

7

where f; and f; are the observed frequencies of the LA and TA phonons. From
the relationship for IV we get p$ikt/psik2 =132 From 1" we get
piitkl/psilk2 = 1,23, Finally, from I"M/I"V and all the above we get

Pl /psitk? = 131,

5.2.5 Calibration of the strain fork apparatus

As mentioned, the silk fibroin cavities were constructed onto the tapered optical
fibers (TOF), with the tapered optical fibers constituting a stable support beam

for exerting longitudinal strain. After drop-casting to create the silk fibroin
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WGM cavity (sub-chapter 5.2.2), the TOFs fibers were mounted on a bronze
fork using UV glue. Because the TOFs varied in diameter along the length of the
metal fork, it was not easy to calculate the applied strain transferred to the silk
fibroin cavities. The TOF waist was approximately 30 um in the narrowest area,
which increased as we moved toward the ends. Inscribing a fiber Bragg grating
in the narrowest area and observing the resulting spectral shift as we strain the
grating is the only way to accurately measure the strain applied in a given optical
fiber taper. The strain was measured using a highly photosensitive optical fiber
(GF1b). Initially, the spectral shift-strain relationship for the 30 um optical fiber
was determined. The experimental setup utilized is depicted in Figure 5.10. The
30 um region of the TOF was glued on two XYZ micrometric mounts having in
the middle an FBG inscribed. As a result, the strain is applied only in the 30 um

diameter area.

Fiber Bragg Grating 30 um tapered

optical fiber
Glue \ /
\

Strain step 2 um

Figure 5.10 The experimental apparatus for determining the strain-optic coefficient of a 30

um diameter GB1b optical fiber

We can determine the applied strain by knowing the initial length (11.6 mm) of

the 30 um diameter optical fiber and using micrometric steps of 2 pm each. From

the mathematical relationship of strain, each step is € = AL—L = 112600

=172 pe.

The spectral response as we apply the strain is depicted in figure 5.11.
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Figure 5.11 FBG spectral shift vs. applied strain

The 30 m diameter GF1B optical fiber's strain-optical coefficient is determined

by the wavelength shift's slope versus strain (Fig. 5.12).
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Figure 5.12 FBG spectral shift vs. applied strain
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As shown in Figure 5.13, the TOF with an FBG inscription was then mounted

on the bronze fork.

——0 pym dis
—2 um dis
——4 umdis
~———6 um dis
——8 um dis
——10 pm dis
-60 - ——12umdis
—— 14 umdis
—— 16 um dis
——— 18 um dis
——20 pm dis

—
o]
=
©
=
frer}
Q
<

Reflected signal (dBm)
&
N

A

1544 1546 1548 1550
Wavelength (nm)

Glue

Figure 5.13 A TOF with FBG inscribed mounted on the bronze fork (left side). On the right
side is depicted the wavelength shift of the FBG as we apply longitudinal strain.

Using the strain-optical coefficient (0.93 pm/pueg) of the 30 pum diameter optical
fiber and the FBG shift due to the fork strain, we can determine the strains we

apply to silk WGM cavities built on the surface of the TOF (Fig. 5.14).

4000

3000 -

2000

Applied strain (pg)

OF =

0 2 4 6 8 10 12 14 16 18 20 2
Actuator steps (um)

Figure 5.14 Relationship between the actuator steps and applied strain to silk fibroin cavities
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5.2.6 Finite element analysis of the component’s
strain tensors

A mechanical strain simulation was carried out with the assistance of a finite
element analysis program that is available commercially. The strain components
along the z (the longitudinal axis) and t (transversal x- and y-axes) directions
were conducted to determine Pockel’s coefficients. In addition, it was essential
to specify the component's actual Poisson ratio. We have calculated the value of
the material in the form of a thick layer based on BLS measurements. We have
already calculated the Poisson ratio based on BLS measurements for the silk
fibroin material as a thick layer. We use this value (v=0.328) as a simulation
input. The &; strain values used in those calculations were directly deduced from
the experimental data available. Because of computational limitations, a scaling
down at the length of the supporting optical fiber beam was made, reducing its
total length from 37.5 mm to 400 um. This reduction was made without altering
the length of the silk fibroin cavity, which was maintained at 100 um. The other
geometric dimensions are the same as in the previous section for the silk cavity
and the supporting glass beam. The distribution of strain components for Silk |

Is presented in Figure 5.15.
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Figure 5.15 Finite element strain tensor analysis of the Silk I cylindrical shape resonator.

The &; component (a) represents the strain applied in the long axis of the optical
fiber with a 3922 pe strain value. On the contrary, & component (b) is the induced
strain on the transverse (vertical) axis with an 1118 pe strain value. When
applying the formula for Poisson’s ratio, v= et/ez, we get the value v=0.285.

A mechanical stress simulation was conducted to calculate Young’s modulus
of the silk-optical fiber component. The dimensions are the same as the previous
and the external strain e,. The Young’s Modulus (E) values from BLS
measurements were inputs to the finite element analysis program. The output of
this simulation is the stress (o) applied in the Silk cavity. By using the

mathematical formula E = f , we calculated Young’s modulus values for Silk |

zZ

and Silk Il. The values are E=9.34 GPa and E=9.69 GPa for Silk |1 and Silk I1I.

The stress colormap for Silk | is presented in Figure 5.16.
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Figure 5.16 Finite element stress analysis of the Silk | cylindrical shape resonator when
applying a tensile deformation.

5.2.7 Raman measurements

To investigate the crystallization process from the Silk I to the Silk Il structure,
Raman Silk | and Il measurements were performed using a 532nm frequency
double Nd: YAG, operating at 24mW, while focused on samples using an inverse
microscope system and a 50X times objective lens. Exposure time was 5sec,
while 5 measurements were taken per spot. Raman spectra for a WGM cavity in

Silk I'and Il structure are presented in Figure 5.17.
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Figure 5.17 Raman spectra of Silk | and Il WGM cavities, obtained using 532nm laser

excitation.

The peak of interest concerning the crystallization of B-sheets is the 1262cm?,
1236 cm™* (Amide I11), and 1085cm™t, which appear amplified -by a factor of X2-
in the Silk Il measurement concerning the Silk | [132]. The peak at 1660 cm™ is

attributed to the Amide | structure.

5.3 Spectral Results

Several cylindrical cavities of silk fibroin, similar to the one shown in Figure 5.8,
were cast from 8wt % silk fibroin aqueous solution using the process described

in section 2 characterized by WGM resonation.
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Figure 5.18 Normalized WGM spectra for a 32 um diameter silk fibroin cavity, for TE (black)
and TM (red) polarizations, as cast (Silk 1) (a) and after thermal annealing at 180°C (Silk I1)
(b). The modal allocation presented above refers to modes with radial order 1=1

Figure 5.18(a) depicts the experimental spectral data of WGM resonances for
both polarizations over a broad wavelength range for a silk fibroin resonator as
cast (Silk I), and Figure 5.18(b) presents the experimental spectral data of WGM
resonances for the same cavity after a thermal annealing process (Silk I1); these
spectral data refer to the cavity depicted in Figure 5.8. (b). The annealing process
Is anticipated to improve the homogeneity of silk fibroin and marginally raise its

refractive index. Under the assumption of a Lorentzian function fitting, the
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quality factors Q measured to be the highest for the cavity shown in Figure 5.8(b)
for TMse were 1.35x10* for Silk I and 1.61x10* for Silk 11. These Q-factor values
rest below those reported by other groups on Silk | WGM cavities; however, they
were measured in closed shape cavities of better radial symmetry than that cast
here. The experimental free spectral range (FSR) (A%/2mrn) is measured at
~15.72 nm for both Silk I & Il structure cavities for TM polarization; similar
FSR figures hold for TE polarization for pristine (15.44 nm) and anneal (15.85
nm) state. Given that the difference in the TM modes refractive index between
Silk I 'and Silk Il structure is typically An~0.005, a radius difference of Ar~5nm
for the Silk Il cavity is deduced because of the annealing process (about 0.34%
shrinkage in the radial direction of the cavity). The as-cast (residual)
birefringence Aniniiar Of the Silk | fibroin cavity was estimated from the
wavelength positioning of the two polarization notches for a fixed
azimuthal/radial order to be ~0.5x103. For the annealed Silk 1l fibroin cavity,
Aninitia= Antm-Ante~-5%1073, Thus, the Aniniiar Was found to have the opposite
sign and a tenfold larger absolute value in Silk Il than Silk I. This difference in
residual birefringence is attributed to the thermally induced B-sheet formation

and their orientation inside the cavity volume of Silk II.

The WGM resonation was described with full-wave eigenvalue simulations
using COMSOL Multiphysics (subchapter 5.4). The silk fibroin cavity was
considered perfectly cylindrical (6/0z=0) and treated as a two-dimensional
resonant structure in the simulations. This is justified by the slowly varying
geometry of the cavity along the z-axis and the fact that modal excitations occur
within its middle section, far from side-located turning points. According to
experimental data, the free spectral range of first-order radial resonances is 16
nm. Figure 5.8 illustrates mode allocation for the first-radial-order modes under
the cylindrical approximation. This mode allocation was accomplished with the
help of the finite element analysis program. The figure displays some interstitial
spectral features linked to the excitation of higher-radial-order modes. The as-

casted (Silk 1) fibroin cavity was subjected to controllable longitudinal strain,
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and the spectral data of the TE and TM WGM of modal order m=89 are presented
in Figure 5.19. The corresponding spectra

depicted in Figure 5.20.
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Figure 5.19 Transmission spectra of the TE and TM WGMs with modal order m=89, confined

inside the silk fibroin cavity for Silk | state, under the applied strain along the longitudinal
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Figure 5.20 Transmission spectra of the TE and TM WGMSs with modal order m=89, confined

inside the silk fibroin cavity for Silk II state, under the applied strain along the longitudinal

axis of the supporting optical fiber taper

As the amount of strain applied increases, the mode spectral positions for both

polarizations undergo a frequency shift toward the blue end of the spectrum. This

finding is in line with research that was done in the past on other cavity materials

and geometries.
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Figure 5.21 Wavelength normalized WGM spectral shift data versus strain for TE and TM

polarizations for silk fibroin resonating cavities in Silk | (a) and Silk 1l (b) states.

Figure 5.21 illustrates the corresponding spectral shifts of the TE and TM WGMs
of the silk fibroin cavity as a function of applied strain for both the as-cast (Silk
I) state and the thermally treated (Silk 1) state. The subsequent strain-induced

optical birefringence emerging is presented in Figure 5.22.
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Figure 5.22 The strain-induced birefringence of Silk I and Il state fibroin cavities was
measured utilizing WGM resonation.

The dependence of the WGM spectral shifts versus elongation appeared linear
and reversible; as a result, no material detachment occurred. These strain

conditions were applied in the fibroin cavity for the Silk | and Il structures. In
addition to this, the slopes, i—: the TE and TM modes fall within the same order

of magnitude as those obtained for other soft materials with a similar Young

modulus. The data of AA/A versus strain € of the fibroin cavity appended in Figure
5.22 reveal a quite interesting characteristic: the slopes i—: of the WGM for TE

polarization are almost identical for Silk I and Silk I, while the slope of the TM
polarization referring to Silk | is ~15% greater than that of Silk Il. This was
observed in all five silk fibroin cavities examined in Silk | and 11, indicating that
the strain-induced birefringence in the particular silk fibroin cavities is
directional. Specifically, it mostly affects the TM polarization component
parallel to the longitudinal axis of the supporting optical fiber taper.

Figure 5.22 demonstrates conclusively that the fibroin WGM cavity in the Silk
Il structure exhibits higher levels of both intrinsic and strain-induced
birefringence than the Silk | structure. This purely optical behavior profoundly

illustrates the fundamental protein rearrangements thermal annealing induces.
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The birefringence data of Figure 5.21 are used for evaluating the photoelastic
coefficients p11 and pi2 and that of the strain-optical coefficient K’ after
estimating the strains exerted on the silk fibroin WGM cavity using a numerical
3D strain-stress analysis (Fig. 5.15 and Fig. 5.16) and the equation 3.32 & 3.36.
Calculating the optical stress coefficient K involves utilizing data on Poisson's
ratios and Young's moduli for two distinct silk fibroin states obtained through
Brillouin Light Scattering (BLS) experiments. The optical, mechanical, and
photo-elastic quantities of Silk I and Silk Il fibroin films obtained from the WGM
and BLS experiments are appended in Table 5.1.

Table 5.1. Experimentally obtained elasto-optic properties of Silk I and Il WGM cavities.

Initial Young Photoelastic coefficients Strain optical | Stress-Optical
Birefringence modulus P11 P12 Coeff. K’ Coeff.K (Br)
(GPa)
Silk | 0.5x103+7x10° | 9.34+0.0 | 0.098+3x10° | 0.132+4x10° | 0.059+9x1073 8.1+3.1
5
Silk 11 -5x10%+7x10° | 9.69+0.0 | 0.048+3x10° | 0.120+4x10%° | 0.129+9x1073 17.0+0.7
5

To assess the dependability of our experimental setup, we computed the
photoelastic coefficients p11 and p12 for an extensively studied material, namely
silica glass. Consequently, we performed comparable experiments on a 30 um
diameter tapered optical fiber sample that lacked silk fibroin cavities atop it,
employing the same strain levels as those in the experiments involving silk
cavities. Figure 5.23 illustrates the spectral displacement of particular TE and

TM mode resonances.
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Figure 5.23 Transmission spectra of the TE and TM WGMSs with modal order m=84, confined

inside the fused silica cavity under the applied strain along the longitudinal axis of the optical

fiber taper

Figure 5.24 presents a comparative analysis of the strain-induced shift

measurements of WGM in cavities composed of all-silica and silk/silica glass

composites.
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By employing the conventional mechanical properties of fused silica, namely a
Poisson's ratio of 0.17 and Young's modulus of 72 GPa, it is possible to calculate
the photoelastic coefficient of this material. Notably, prior studies have
demonstrated that the photoelastic coefficients obtained through measurements
of the WGMs of all-silica glass cavities (p11=0.117 and p12=0.253) are in excellent

agreement with the values reported in the existing literature [66].

5.4 Details of simulations for mode allocation in silk
fibroin cavities

The whispering gallery modes of the investigated system were computed using
full-wave eigenvalue simulations [133] within COMSOL Multiphysics. The
simulations considered the silk fibroin cavity cylindrical and treated as a two-
dimensional resonant structure. This is justified by the geometry of the cavity,
which changes slowly along with the z-axis, and the fact that modal excitations
occur within the cavity's middle section, which is far from side-located turning
points. Two indices, the azimuthal (m) and radial (I) orders, as well as the
resonant modes’ polarization (TE: H=H,z and TM: E=E,z), are used to describe
the modes’ resonant frequencies.

Before employing the numerical simulations in the silk fibroin cavities that
were the subject of the study, their accuracy was verified in an archetypical
cylinder resonator geometry by comparing the results of the simulations against
rigorous analytical solutions [134]. A homogeneous cylinder with n¢;=1.513,
Nhost=1 and r=15.8 um is considered. The calculated resonant wavelength
between theory and simulation for an indicative TE (m=89) and TM (m=89)
resonant mode is presented in Table S1. It is observed that there is an excellent
agreement, with the fractional error in resonant frequency falling below 1%. The

transcendental equations that are solved are [134] :
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13p(u) 1HWY'(v)
udy(u) v Hr(nl)(v)

(5.5)
for the TE (H=H;z) and
ket Ip(u) kg HP'(v) _
u Jn(u) v Hr(nl)(v)_ '
(5.6)

For the TM (E=E;z) polarization, respectively, where u — k,r and v =kr, With
Kyt = koNeyr AN Kios =Konhosr - EACH €quation can have an uncountable infinite

number of roots corresponding to different modes of radial order I. This is true

for every azimuthal order m.

Table 5.2. Analytical and simulated results for the archetypical dielectric cylinder structure
are compared and contrasted concerning their respective calculated resonant frequencies. This

is demonstrated in the enclosing inset.

o — ho— _
) ) Fractional
Mode theory simulation
error
(nm) (nm)
TE,
1562.8 1562.7 -0.6%
m=89
™,
1551.0 1550.9 -0.6%
m=89

The system under study is depicted in Figure 5.8(a). It is a two-dimensional

equivalent of an actual structure. The parameters are ng,, , =1.5215, ngo, =1.45,

rout =15.78 um. Modes of different azimuthal and radial order can be supported
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by the structure, identified by the azimuthal order (m) radial order (). Indicative
examples of first-radial order modes of the TE polarization are shown in Figure
5.25(c-d). The free spectral range is ~16 nm in close agreement with the
measurement. We determine the mode allocation in experimental results based
on the calculated resonant wavelengths. Examples of higher-radial-order
resonances are depicted in Figure 5.25(e-f). The resonant wavelengths can be
associated with secondary spectral features of the experimental transmission
curve [135], as seen in Figure 5.25(b).

(c) I1=1 m=289 (e) =3, m=175
ko =1555.7 nm Xo=1556.5 nm

Silk Fibroin

Silica
Glass

1
(b) silk1 —TEModes|  (d) ,_, . _oqp ) [=4m=T1
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: H) (753)
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Figure 5.25 (a) Schematic of resonant silk fibroin cavity under study. A cylindrical structure
is assumed, invariant along z, modeled as a 2D geometry. (b) Experimentally measured
transmission spectra for TE polarization reproduced from Figure 2 in the manuscript. (c-f)
Mode profiles for indicative resonances of first (c), second (d), third (e), and fourth (f) radial
order (I). The simulated resonant wavelength is marked in panel (b) and is in very good

agreement with the spectral locations of the experimental features.
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As a post-processing step in the finite element method eigenvalue simulations,
the stored energy density was integrated within the various material regions to
determine how light is confined within the silk layer. This calculation is crucial
for determining whether the elasto-optical parameters of the silica glass
influence the experimental measurements. For the TE mode of Silk I with
azimuthal order m=89, depicted in Figure 5.25(c), only 2.1% of the total stored
energy resides in the silica glass, 97.1% in the silk layer, and the remaining 0.8%
in the surrounding air. The corresponding percentage in silica for the first-radial
order TM Modes is approximately 1.2%. Consequently, nearly all injected light
intensity will be waveguided through the silk fibroin region for the exciting first-
order radial modes in the structure. Therefore, the contribution of silica glass to
the photoelastic behavior is negligible and can be disregarded. The modes
become leakier for higher radial orders, and gradually, light further resides in the
silicaregion [see Fig. 5.25(e-f)]. Specifically, for modes of radial order 1 =[2,3,4]
the stored energy in silica is in the order of (32%, 67%, 71%), respectively, and
in air (1.8%, 2.5%, 6.1%).

5.5 Discussion

According to the results of the WGM performed on thin film cavities, the
amorphous Silk | and the semi-crystalline Silk Il have the same chemical
stoichiometry but differ in their refractive and photoelastic properties. Silk 11
demonstrates a significant strain-induced optical birefringence, with the
component with a higher refractive index being measured along the longitudinal
axis of the WGM cavities. It is worth noting that Young's modulus of Silk Il is
only slightly higher than that of Silk I. As such, the transformation of Silk fibroin
from an amorphous to a semi-crystalline structure affects the strain-induced
optical birefringence, Antm-te, (by order of magnitude), and the optical stress

coefficient (by more than 50%) to a greater extent than the elastic material
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response, which is impacted only marginally (by 4%). These findings highlight
the fundamental importance of segmental orientation in the context of photo-
elasticity. Silk I is comprised mainly of a-helix and random coil conformations
and substantially less of [-sheet crystalline domains, also preserving a
reasonable water content, which acts as a plasticizer [136]. Silk I's low initial
(residual) birefringence (Table 5.1), a characteristic typically associated with
atactic polymers, also confirms its amorphous structure [137], [138]. The photo-
elasticity figures for Silk I are similar to those holding for bulk polymers; for
comparison, the strain and stress-optical coefficients of polystyrene are ~0.01
and ~12Br, respectively, while assuming E=3.4GPa, significantly lower than for
the E value in Silk I, with similar Poisson’s ratio. The high E values of Silk |
and Il imply dense local packing, as suggested by the relatively high density
(1450 kg/m3) [139].

The polarization splitting and birefringence data for the Silk Il structure
illustrate the structural transformation that occurs in the Silk Il structure. The
system receives energy from the annealing process in ambient air, which
gradually dehydrates the Silk | material and promotes the formation of -sheets
for reaching the Silk Il stage [140]. The carefully controlled rise in temperature
that characterizes the annealing process during ambient air exposure is known to
play a critical role in transforming Silk fibroin from its amorphous Silk | form to
the more stable, semi-crystalline Silk Il structure. This transformation is made
possible by severing intramolecular hydrogen bonds within the Silk | structure,
allowing the constituent molecules to reorganize themselves into more stable and
highly ordered B-sheet conformations. Notably, this reorganization occurs
without any danger of oxidation [141]. It is worth emphasizing that the structural
crossover from Silk | to Silk Il can indeed impact the material's segmental
orientation. Nonetheless, our observations indicate that the effect on the elastic
modulus is relatively subtle, suggesting that there may be a similar local packing
arrangement for Silk | and Silk Il. For a natural silk fiber system, specifically

Nephila pilipes spider silk fiber [142], the elastic Young’s modulus is strongly
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anisotropic due to the chain stretching along the fiber axis. The experimental E
for both Silk film samples is very close to the E value for the Nephila pilipes
spider silk fiber normal to the fiber axis being about twice lower than along the
fiber axis [142].

The different TM WGM polarization AA/A slopes of Figure 5.22 for Silk | and
Il denote that the strain-induced birefringence cannot be explained by the high
stiffness of the B-sheets [143], considering that the two fibroin structures have
very similar mechanical properties. Instead, the apparent disparity in the
birefringence and stress optical coefficient is mainly due to p,,, which relates to
the segmental optical anisotropy of the two Silk structures. Thus, the origin of
large optical anisotropy in Silk Il is attributed to the number and orientation of
the B-sheets and the stretched chains linking these nanocrystals compared to Silk
I. This feature is captured explicitly with the WGM resonator experiments and
remains elusive in the elastic Young’s modulus for the thicker film samples of

the BLS experiment.

5.6 Chapter conclusions

This chapter delves into examining the photoelastic characteristics of two states
of silk fibroin: the amorphous (Silk 1) and the semi-crystalline (Silk I1).
Employing Brillouin Light Scattering (BLS) spectroscopy, we computed
significant mechanical parameters, such as Poisson’s ratio and Young's
Modulus, for both states of Silk fibroin. Intriguingly, these mechanical properties
exhibited no alteration as we transitioned from the Silk | to the Silk Il state, a
phenomenon attributed to the semi-crystalline nature of the Silk Il state.
However, an intriguing discovery was made regarding the strain-induced
birefringence in Silk Il. By applying the Whispering Gallery Mode (WGM)
resonance technique, the calculated birefringence in Silk 1l was twice as high

compared to Silk 1. The outcome was in conjunction with the beta-sheets
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alignment parallel to the strain-induced longitudinal strain axis. This causes the
emergence of two distinctive axes for light propagation — a fast axis and a slow
axis. This differentiation contributes to a significant enhancement of strain-

induced birefringence in the Silk 11 state.

134



6 Thesis Conclusions and future plans

6.1 WGMs resonances in thermally poled glass
optical cavities

This thesis used WGM resonation as a diagnostic approach in tracing transparent
optical materials' optical and other physical properties in micrometric cavities.
Our investigations, which used optical, spectral, and structural characterization
techniques, revealed for the first time the effect of thermal poling on whispering
gallery mode resonances localized inside glass hetero-fiber cavities. The WGM
hetero-fiber cavity examined was fabricated from Duran® glass containing a
silver wire in its center. Two different thermal poling configurations were used.
The first one was equipped with a blocking anode, necessitating using nitrogen
flow throughout the process. A non-blocking anode was chosen in the second
setup, which means the thermal poling was conducted under atmospheric air
conditions.

Regarding the blocking anode, our investigations revealed that the ion
depletion and ion accumulation zones impact the resonance properties of radially
poled glass cylindrical cavities through the selective suppression or even
destruction of higher-order radial WGMs, the effective “spectral cleaning” of
these cavities. Thermal poling significantly alters the radial distribution of the
refractive index and, consequently, the excitation properties of higher-order
radial WGMs (particularly for TE/TM¢, my WGMs), preferentially shifting their
power distribution closer to the hetero-fiber cavity center. Using FEM
simulations, we have confirmed the impact of the low refractive index ion
depletion zone and the high refractive index ion-accumulation zone on
dampening the higher radial order WGM resonances, consistent with the spectral
findings. Additionally, we should point out that the current “spectral cleaning”

is caused by poling-induced preferential WGM power redistribution and
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evanescent mode coupling reduction, which distinguishes it from previous
“spectral cleaning techniques” [131], [144], [145]. Our research suggests that the
elaboration of thermal poling of circular symmetry glass cavities can serve as a
precise refractive index and polarization engineering tool for modal selection,
with potential applications including modal suppression in lasing cavities and
spectral cleaning of sensing devices that use WGM resonances, particularly
when combined with new types of active glasses [146]. Aside from that, the
wavelength shifts and variations in excitation efficiency of the various WGM
resonances can be used to better understand and monitor the dynamics of ion
migration during glass poling.

The concept of thermal poling of ion-rich glasses can be strategically applied
to creating sensors capable of measuring high-intensity electric fields. An
external electric field, acting through the electro-optic effect, can alter the
refractive index in the region proximate to the fiber circumference where the
glass possesses a non-zero second-order susceptibility ¥®. Consequently, shifts
in the Whispering Gallery Modes (WGMs) resonances can be transduced by the
externally applied electric field and act as a practical sensor. Operational
environments characterized by high electric fields, such as those in power lines,
can disrupt conventional electronic sensors' electronic components. Therefore,
developing an all-optical sensor, undeterred by such electric fields, could solve

this issue effectively.
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Initial groundwork for constructing this type of sensor was undertaken during
my doctoral research. A diagrammatic portrayal of this can be found in Figure
6.1.

Region with non-zero x®@

Electric
field

Positive

Tapered optical fiber
electrode A i '

—_—
Light output

[[(—>
Light input

Negative electrode

Figure 6.1 A diagrammatic depiction of the setup subjected to tests as an electric field

sensor

Nonetheless, the setup depicted above possesses a fundamental flaw in its ability
to sense electric fields. The problem arises from the existence of silver cable
within the core of the hetero-fiber. Upon the application of an electric field
between the positive and negative electrodes, a Lorentz force comes into effect
between these electrodes. This causes the hetero-fiber to move, which, in turn,
results in a shift in the position of the tapered fiber. The spectral shifts caused by
the arbitrary movement of the tapered fiber are substantially more pronounced
than those resulting from the electro-optic effect. Thus, the future objective is to
implement a method to remove the metallic wire from the core of the hetero-
fiber or to thermally pole ion-rich glass cylindrical capillaries that can readily

accommodate the insertion and removal of such metal cables within them.
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6.2 WGMSs resonances in silk fibroin optical cavities

The whispering gallery mode resonation, which offers high accuracy and
significant insight capabilities in the study of soft materials, was utilized by us
to look into the photoelastic properties of silk fibroin. We propose that the
photoelasticity of Silk Il is primarily attributable to the high optical polarizability
properties of the B-sheets and their strain-induced alignment, as opposed to the
mechanical properties of the annealed fibroin. Brillouin light spectroscopy
uncovered an unexpected similarity between the elastic Young's moduli of Silk
I and Silk I1. By illuminating the significance of -sheets and their influence on
the optical properties of Silk 1, our study has paved the way for further research
into the topic. Applying external stimulations (i.e., high voltage poling) for
tuning the formation and orientation of B-sheets emerges as a promising
approach for developing optical biomaterials with high polarizability properties
for linear or non-linear [147] optical operations. Silk II's B-sheet-dominated
refractivity and photoelasticity can be exploited further in developing planar or
fiber-guided wave structures with exotically high birefringence [137] for
polarization-selective passive and active photonic devices. In addition, the light
scattering properties of Silk 11, both elastic and inelastic, merit investigation. The
investigation of fundamental materials' properties using WGMs was greatly
aided by the small mode volume of these resonances. This strong interaction
enables us to probe these materials' optical and other physical properties with
exceptional sensitivity and precision, providing insights into their behavior and
properties at the microscale level.

The potential for future research lies in combining the two works presented in
this thesis, specifically in silk fibroin WGM cavities. A schematic representation
of this concept is illustrated in Figure 6.2. Specifically, the creation of WGM

cavities on hetero-fibers could be integrated with a modified thermal poling
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procedure, inducing Silk 11 crystallinity at an elevated state whereby the electric
field orientation would dictate the direction of the b-sheets. As a result, WGM
cavities could be created with a specific and controllable orientation of the silk
fibroin b-sheets, developing novel optical and mechanical properties. The
thermal poling setup outlined in this thesis will be employed, with a notable
modification in the poling conditions: a temperature of 180 °C will be maintained
for 15 minutes. Various voltage values will be tested as part of this innovative

investigation.

Silk fibroin
cavity

Electric
field

Positive electrode Negative electrode

Hetero-fiber 180 °C, 15 min

Figure 6.2 A schematic representation of the proposed setup for the thermal poling of silk

fibroin cavities

The proposed concept is expected to result in creating a material endowed with
distinct mechanical and photoelastic properties, thus expanding the potential

applications in the field of material science.
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