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Abstract

Whispering gallery mode (WGM) micro-resonators are devices attractive for
many practical applications including optical sensing, micro-lasers, optical
switches, tunable filters and many others. Their popularity is due to the high Q-
factors and the exceptional sensitivity of their optical properties to the resonator’s
size, refractive index as well the properties of the surrounding medium. The main
focus of this thesis is on the cylindrical WGM micro-resonators due to the
simplicity of their fabrication and light coupling that they offer in comparison with
other WGM devices.

At first, an in-depth experimental investigation of the WGM effect in different
types of cylindrical micro-resonators was carried out in order to establish the
influence of the resonator’s geometry and coupling conditions on the resulting
WGM spectrum. As one of the outcomes of this study, a novel method for
geometrical profiling of asymmetries in thin microfiber tapers with submicron
accuracy has been proposed and demonstrated. The submicron accuracy of the
proposed method has been verified by SEM studies. The method can be applied as
a quality control tool in fabrication of microfiber based devices and sensors or for
fine-tuning of microfiber fabrication setups. The study also resulted in better
understanding of the optimum conditions for excitation of WGMs in cylindrical
fiber resonators, the influence of the tilt angle between the micro-cylinder and the
coupling fiber taper.

A novel strain sensor formed by a polymer-wire cylindrical micro-resonator has
been developed. Accurate and repeatable measurements of strain have been
demonstrated experimentally with the proposed sensor for the upper range of limit

of detection up to 3250 pe. Practical packaging method for the proposed strain
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sensor on a glass microscope slide has also been realized making the sensor
portable and easy to use.

A study of thermo-optic tuning of the WGMs in a nematic liquid crystal-filled
hollow cylindrical microresonator has been carried out. A simple and robust
packaging has been realized with the proposed tunable device to ensure its stable
and repeatable operation. The demonstrated thermo-optic method for the WGMs
tuning is potentially useful for many tunable photonic devices.

Two novel all-fiber magnetic-field sensors have been designed based on photonic
crystal fibers infiltrated with a magnetic fluid and a ferronematic liquid crystal
utilizing the magnetic field tunability of WGM resonances. The highest
experimentally demonstrated magnetic field sensitivity was 110 pm/mT in the
range of magnetic fields from 0 to 40 mT.

Finally, a packaged inline cascaded optical micro-resonators (ICOMRs) design is
proposed for coupling multiple micro-resonators to a single fiber and simultaneous
sensing of multiple parameters (strain, temperature, humidity, or refractive index)
at multiple points in space has been demonstrated. The proposed design principle
can find applications in quasi-distributed sensing, optical coding, optical logic

gates and wavelength division multiplexed optical communications systems.
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Chapter 1

Introduction

This thesis presents the outcomes of a number of interconnected investigations of
various optical sensors and tunable devices based on the effect of whispering
gallery modes (WGMs) in both solid and hollow cylindrical micro-resonators. The
thesis consists of a series of six linked journal publications and a conference
proceeding prepared within the duration of the Ph. D research period.

This chapter introduces the background, motivation, objectives of the research and

provides an overview of the thesis layout.

1.1 Background to the research

1.1.1 Whispering gallery mode (WGM) resonators: advantages,

applications and analytical foundation

Optical whispering gallery mode (WGM) resonators are monolithic micron-sized
transparent dielectric structures in which the closed trajectories of light are
supported by total internal reflections from the circular boundaries [1]. The ability
to confine light by means of resonance in a small cavity with low mode volumes
and high quality factors (Q) makes them attractive in many photonic applications
such as all-optical switches [2-4], modulators [5-7], all-optical signal
processing [8—10], biochemical sensing [11-13], slow-light structures or optical

buffers [14-20], wavelength division-multiplexed (WDM) optical filters for



optical networks and on-chip optical interconnects [21-26], ultralow-threshold
microlasers [27,28], enhancement of Raman processes [29] as well as Raman
lasing [30-32], and in fundamental experiments in quantum physics [33, 34].
Research interest in this area is confirmed by data from the Web of Science that
shows that there has been a rapid increase in publications. Figure 1 shows the
number of publications related to optical WGM resonators during last 20 years

(gathered from the Web of Science database).
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Figure 1. Number of articles on WGM resonators published between 1996 and 2017. The data

were gathered from the Web of Science database (www.webofknowledge.com). Term

“whispering gallery mode” was applied as the keyword.

The exceptional sensitivity of the characteristics of the confined light to the size
and the optical properties of the cavity as well as its surrounding medium makes
the WGM resonators suitable for applications in optical sensors and various
tunable devices. Any perturbation to the resonator’s morphology (shape, size or
refractive index) will lead to a spectral shift of the WGM resonances. This property

can be utilized in tunable devices where the WGM spectrum could be tuned by
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varying any of the resonator’s parameters and in optical sensors where detecting
any changes in the WGM spectrum can be related to changes in a given
environmental parameter following appropriate calibration. This thesis will focus
on the applications of WGM resonances both in optical sensing and for the design
of novel optical tunable devices.

WGM resonances were first observed for acoustic waves and studied by Lord
Rayleigh who described this effect for sound waves propagating in the dome of St.
Paul’s cathedral in London. In the circular dome structure, a whisper at one side is
clearly audible at the other side of the dome, but it can’t be heard near the center
of the dome. In effect, the sound waves are propagating close to the curved wall
of the dome via multiple reflections.

Optical WGM s in dielectric particles were first theoretically investigated by Mie
in 1908 during his light scattering experiments and color effects associated with
the colloidal gold particles [35]. Part of Mie’s work was based on earlier studies
of light scattering by Thomson, Alfred Clebsch, Ludwig Lorenz and Peter Debye.
Optical WGMs are confined by the continuous total internal reflections (TIR) at
the interface of the particles and their surrounding medium. In many ways these
electromagnetic modes were similar to Lord Rayleigh's experiments with the
sound waves hence the modes were referred to as optical WGMs and the dielectric
cavities received the name of optical WGM resonators.

Optical modes in WGM structures have well-defined optical paths that only
specific light wavelengths can be coupled to and, subsequently, be guided by TIR.
Inside the resonator, light is reflected over and over creating a 10 to 100-meter-
long optical path within a tiny device of the size of a grain of sand or less than the

diameter of a human hair. In geometrical optics, the resonance condition for the



reflected light rays inside the WGM resonator can be represented by a simple

approximation:

2rang =14 (1.1)

where a is the radius of the resonator, 4 is the wavelength of light in free space, nes
is the effective refractive index of the resonator, and / is an integer number which
represents the number of wavelengths around the circumference of the resonator
(also called an azimuthal quantum number of the resonator) [36]. On resonance,
the circulating light will constructively interfere in phase after each round trip
where the phase is an integer multiple of 2n. According to the resonance condition
either a change in the length of the optical path or the refractive index of the

resonator will introduce a change in the resonant wavelength [36]:

AL _sa An (12)
A a n

Thanks to this property WGM resonators are widely utilized in optical sensing and
in various tunable photonic devices, such as optical filters, lasers, switches etc.

Compared to other conventional optical resonators WGM microresonators have
several advantages, including their small size, light weight, immunity to
electromagnetic interference, low intrinsic losses, high Q-factors and good
mechanical stability (due to their monolithic nature). In sensing applications WGM
resonators can offer high sensitivity down to single molecule detection [37], label-
free detection capability, and compatibility with other optical techniques such as
Raman spectroscopy [29], microdroplet [38], and fluorescence techniques [39]. In
tunable devices applications WGM spectra can be engineered as well as

dynamically tuned by variety of methods (e.g., by means of strain, temperature,



refractive index changes, electric or magnetic fields). Light coupling into WGM
resonators can be realized by using various techniques (channel waveguide
couplers [39], tapered optical fiber couplers [40], prism couplers [41], and angle
polished fibers [42] or polished half block fibers [43]) and the light coupling
efficiency depends on the distance between the resonator and the evanescent

coupler.

1.1.2 Types of WGM micro-resonators

In the last 25 years WGM cavities of a wide variety of shapes fabricated by a range
of methods have been studied extensively, including fused silica micro-
spheres [40], micro-droplets [38], micro-disks [41], micro-toroids [42], micro-
rings [43], micro-cylinder [44] and some special resonator structures such as
micro-bubbles [45], micro-spheroids [46], micro-pillbox [47], micro-gear [48],
doughnut-shaped [49], micro-coil [50], wheel shaped [S1] and sausage shaped

micro-structures [52].

Figure 2. Some examples of different micro-resonator shapes: (a) micro-sphere [53], (b)

micro-disk [54], and (¢) micro-toroid [55].

The micro-sphere, micro-disk, and micro-toroid resonators (Fig. 2) are the most
widely used because of their typically high-quality factors and extremely small
mode volumes compared to other WGM resonator structures. However, such
resonators also have some limitations.

Firstly, fabrication of the micro-resonators with complex shapes (e.g., micro-disks



or micro-goblets) typically requires expensive micro-fabrication facilities. In
addition, achieving sufficiently low surface roughness with photo-lithographic
methods is difficult. Surface roughness needs to be avoided as it increases
scattering loss.

In the context of portable devices design, spherical resonators are not a good
choice due to the difficulties in light coupling and packaging. For example, in the
case of light coupling with fiber tapers, even a small misalignment between the
fiber taper and the sphere’s equator or the presence of weak vibrations could result
in significant variation in the WGM spectrum. Moreover, spherical and
microbottle resonators typically produce very dense spectra with a small free
spectral range (FSR) that can limit the range of tunability or sensing range of the

devices fabricated on their basis.

1.1.3 Cylindrical WGM micro-resonators

Cylindrical micro-resonators are the simplest form of micro-resonators, as they
can be easily fabricated from coating-stripped commercial optical fibers offering
the advantages of simplicity and potentially low cost. The stripped-oft surface of
such cylindrical micro-resonators has a high degree of smoothness without the
need for complex micro-fabrication equipment. Commercial optical fibers are
highly uniform in diameter, allowing large numbers of identical resonators to be
fabricated easily and providing a high degree of repeatability. In addition, the
alignment for optimal coupling of the excitation light into the fiber resonator
depends on only one angular degree of freedom, as opposed to two degrees of
freedom for the more complex spherical structures.

The main disadvantage of an infinitely long cylindrical micro-resonator is its

relatively low Q-factor. In a cylindrical structure the coupled beam spreads along



the cylinder’s length and eventually vanishes even if there is no material loss.
Despite their typically low Q-factors (in the order of 103 or less) cylindrical micro-
resonators found several important applications in photonics. For example, M.
Mariano et al. demonstrated that an array of low-Q cylindrical microfibers at the
surface of organic solar cells can significantly improve their light harvesting
capacity [56]. Moreover, numerous experimental studies of the micro-cylinder
and micro-capillary resonators’ transmission spectra demonstrated that the Q-
factor of the cylindrical micro-cavity can be made as high as the Q-factor of a
spherical cavity (circa 107) by introducing local diameter variation(s) along its
axial direction [44]. The theoretical explanation of this effect was proposed by M.
Sumetsky in 2010 [57].

WGM spectra of cylindrical micro-resonators have larger FSRs due to possessing
fewer radial and transverse modes than those of a micro-sphere. As an illustration,
Figure 3 shows experimentally measured WGM spectra excited by a spherical (a)
and cylindrical (b, ¢) micro-resonators within a range of wavelengths from 1500
nm to 1600 nm. The spherical micro-resonator has a radius of 44.3 um. From
Figure 3(a) one can see that the modes are densely “packed” with an intermodal
spacing of 1.3 nm and the estimated Q-factor of the modes is in the order of~10*.
Figure 3(b) shows the WGM spectrum for a cylindrical micro-resonator with a
62.5 pm radius, made from a section of a standard singlemode telecommunications
fiber (SMF 28) while Figure 3(c) shows the WGM spectrum excited by a
cylindrical micro-resonator of the 11 um radius made from an asymmetrically
tapered section of the SMF 28 fiber. In the first case the FSR of the spectrum is
4.32 nm and in the latter case the FSR is 39.2 nm. The Q-factor of the WGMs from

the conventional fiber is in the order of~10° and that from the asymmetric fiber



taper is in the order of~10%, which is as high as the Q-factor for the spherical micro-

resonator shown in Figure 3(a).
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Figure 3. Comparison of experimentally observed WGM spectra of spherical and cylindrical
silica micro-resonators: (a) spherical micro-resonator with a radius of 44. 3 um; (b) cylindrical

micro-resonator of 62.5 um radius; (c) cylindrical micro-resonator of 11 um radius.



As expected, the WGMs of the tapered fiber based cylindrical micro-resonator are
strongly localized due to the nanoscale diameter variations as a result of fiber
tapering, leading to the higher Q-factor compared with that of the cylindrical
resonator made from a conventional fiber [58], without tapering.

The main focus of the research described in this thesis is on the cylindrical micro-
resonators and hollow cylindrical micro-resonators, fabricated from sections of

polymer fibers, tapered silica fibers, capillaries and photonic crystal fibers.
1.1.4 Liquid core optical ring resonators

Hollow cylindrical micro-resonators, also known as the liquid core optical ring
resonators (LCORR), are typically made from a section of a tapered silica capillary
tube. The first LCORR structure was introduced by 1. White et al. in 2006 and it
has since been used in various sensing applications including detection of DNA,
viruses, proteins and cancer biomarkers [59]. The LCORR structures have been of
a particular interest in sensing since they allow for an easy integration of the solid
resonator with various liquid analytes or liquids acting as transducers (e.g.,
magnetic liquids or liquid crystals). Alternative approaches to integration of
liquids with solid WGM resonators involve encapsulation of the fluid inside the
resonator which can be fabricated in the shape of a tube, a bubble, or photonic
crystal fiber. The research in this thesis includes work on the photonic crystal fiber
and capillary tube based thin-walled hollow cylindrical micro-resonators for the

development of novel sensors and tunable devices.

1.1.5 Fundamentals of WGMs in cylindrical micro-resonators

Many theoretical studies reported in the literature aimed to explain the propagation
of WGMs both in solid and hollow- or layered cylindrical micro-resonators using

numerical and approximate analytical methods based on Lorenz-Mie-Debye



theory [35,60]. For example, the field distribution of the WGMs in a radially
nonuniform two-layer cylindrical dielectric micro-resonator was studied in [61],
quantum theory of WGMs in a cylindrical optical micro-cavity was reported
in [62], simulation of WGMSs of dielectric cylinders using the nonstandard finite
difference time domain method was reported in [63] and light propagation and
calculation of resonant modes in LCORR was reported in [59, 64]. More recently,
a theoretical investigation of the light propagation in capillary-type micro-fluidic
sensors based on WGMs was presented in [65].

WGMs in a spherical micro-resonator are conventionally described in terms of
three integers which are used to characterize the radial, polar and azimuthal
components of the electromagnetic field in the micro-sphere [66]. Cylindrical
micro-resonators can be characterized by a similar set of numbers but without that
associated with the polar component of the field, so that WGMs can be assumed
to propagate in a 2-D cross section of the cylinder. The parameters required to
describe the cylindrical resonances are the number of intensity maxima in the
radial direction (n), the number of wavelengths that fit around the cylinder for a
given resonance (/), and the O-factor that describes how well the mode is able to
trap the radiation. The polarization can be either transverse electric (TE) or
transverse magnetic (TM). Polarizations of the modes are defined with respect to
the WGM propagation plane such that TE resonances have their electric field
component parallel to the cylinder axis and TM modes have the magnetic field
component parallel to the cylinder axis. The radial distribution of TE modes across

various boundaries of the layered micro-cylinder is given by [65]:

AJ, (mk,r), r<b
S(R)={BH®(m,k,r)+CH®(mk,r), b<r<a (1.3)
D|H|(1) (Mm;Kk,r), r>a
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where J;, HV and H/? are the I™ Bessel function of the first kind, /M Hankel
function of first kind and /" Hankel function of the second kind respectively. Here
my, mz, and mj3 are the refractive index of the inner cylinder’s layer, outer layer,
and the surrounding medium. The outer and inner radii of the layered cylinder are
a and b, respectively. ko and [ are the wave vector in vacuum and the azimuthal
mode number. A4;, Bi, C;, and D, are the proportionality constants found from the
boundary conditions for the electric field across various boundaries of the layered
structure.

According to the boundary conditions, the eigen equation of the layered
microcylinder can be written as [65]:

mSHI(l),(miﬂkOa) — BI HI(Z)'(mZkoa) + Hl(l),(mZkOa)
m2 H I(l) (m3k0a) BI H I(Z) (m2 kOa) + H I(l) (m2 kOa)

(1.4)

Where the prime symbol indicates the derivatives of the functions with respect to
the argument. By solving Eq. (1.4) the resonant wavelengths of the WGMSs and the
azimuthal and radial quantization numbers, # and /, can be determined.

Figure 4 (a, b) shows first and second order radial electric field profiles for TE
modes of a layered cylindrical micro-resonator simulated in accordance with Eq.
(1.3). The outer diameter and thickness of the hollow cylinder are 50 um and 2 pm
respectively. The resonant wavelengths of the modes are close to 0.8 um.

Further analysis shows that a discrete set of valid eigenvalues emerges for a
cylinder with a fixed diameter, and that a larger resonator supports more modes.
Experimental visualization of the field intensity distributions inside the cylindrical
micro-cavity was reported by Klunder et al. [67,68] and Balistreri et al. [69,70],
and those were in line with the theoretically calculated results. The experimental

mappings by Klunder et al. of the WGMs intensity distributions were carried out
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by looking directly into the microcavity by means of a photon scanning tunneling

microscope with a spatial resolution of 50 nm.
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Figure 4. (2) First order and (b) second order radial electric field profiles (S(R), Eq. (1.3)) for
a layered cylindrical microresonator with an outer diameter and wall thickness of 50 um and

2 um respectively [65].

1.1.6 Light coupling into WGM resonators

There are several methods of light coupling in and out of a WGM resonator
including a free space coupling and a guided wave coupling. For free space
coupling WGMs are excited using a focused laser beam illuminating the resonator
and the scattered light is collected using a collimator to a detector [71—73]. For the
guided wave coupling, the most commonly used method is evanescent-wave
coupling either from an adjacent guiding structure such as a tapered optical fiber
coupler [74], a polished fiber half block coupler [75], eroded monomode optical
fiber [76], a channel waveguide coupler [77], coupler utilizing frustrated total
internal reflections such in a prism [78] or an angle-polished fiber [79].

Tapered optical fibers have become a popular choice for excitation of WGM
resonances for many practical applications after J. C. Knight ef a/. showed in 1997

that high-Q WGMs could be easily and efficiently excited in micro-spherical
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resonators by an adiabatic optical fiber taper [80]. This approach offers an ultra-
high coupling efficiency of up to 99% [81].

A tapered fiber can be formed by heating and stretching a section of a standard
optical fiber to a narrow thread. A typical optical fiber taper, shown schematically
in Figure 5, consists of a non-tapered portion followed by a transition region where
the radius of the fiber decreases with distance. The uniform thin portion after the
transition region is known as the taper waist. In the waist region the fiber core no
longer exists, and the light travels in the fundamental mode along the waveguide
formed by the silica waist surrounded by air. If the waist is small, the fundamental
mode will have an evanescent tail extending significantly into the free space
surrounding the taper, and the propagation constant of the mode will be a function
of the waist radius. The taper waist is followed by a second transition region of
increasing diameter and ends with another non-tapered region. The light remaining
in the waist is returned to the guided mode in the fiber core when reaching the
other end of the waist. The optical properties of the tapered micro-fibers strongly
depend on the geometry of both the transition and waist regions. In this research,
only adiabatic tapers [82] were used for excitation of WGMs in cylindrical micro-
resonators. That means the fiber tapering process was carried out in such a way
that fiber diameter within its transition region changed slowly as a function of fiber
length. Using adiabatic tapers ensures low transmission loss and small inter-mode
coupling.

gs 3 Normal fiber
Transition region

Unifor
portion

tapered-

Figure 5. Schematic representation of a tapered fiber.
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The phase matching condition for the light propagating in the tapered fiber and the
resonator can be achieved by optimizing the diameter of the taper waist and the
gap between the fiber taper and the resonator [81].

Figure 6 illustrates schematically the optical power exchange between a tapered
fiber and a resonator in a lossless system. To explain power exchange in detail,
assume that a single unidirectional mode of the resonator is excited and that the
coupling is lossless, the interaction in the system can be described by the following

matrix [83]:

t «

bl =
b,

g

N (1.5)

-kt
Where the complex mode amplitudes a; and b; are normalized so that their squared

magnitude corresponds to the modal power.

a, Light 1

Figure 6. Schematic diagram of a tapered fiber coupled to a cylindrical micro-resonator.

Here ¢ represents the transmission coefficient of the system, which is related to the
coupling coefficient (x) by the equation:

]+ 7 = (1.6)
The matrix relation (1.5) can be re-written as:
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b =at+ax (1.7)

b, =—ax +a,t’ (1.8)
With a normalized input wave of a;=1, the transmission around the resonator’s

circumference is
io
a, =ae’b, (1.9)
where a is the loss coefficient of the resonator and @ is the circulation phase shift

A®Rn
givenby 0 = Teff , Where neis the effective refractive index of the mode that

propagates along a circular path within the cavity, R is the radius of the cylindrical
micro-cavity, and 4 is the resonance wavelength.
Substituting equation (1.8) into equation (1.9):

—ak
Po—at e (1.10)

Substituting equation (1.9) into equation (1.7):

_ -ig
blzﬂ (1.11)

—ot"+e

Ift= |t|ei“’I , where ; is a phase offset due to coupling to the tapered fiber, the total
circulating power inside the cylinder is

o’

|a2|2 = 21,12
1+ a®t| — 2alt|cos(0 - ¢,)

(1.12)

At resonance ¢~=0 and the phase acquired by the wave after a complete round trip

is an integer multiple of 2, @ = M2 where m is an integer. Thus, at resonance:

, at(1-|t))

‘az‘ - (1_am)2 (1.12a)
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Similarly, the total transmitted power in the tapered fiber past the resonator can be

written as:

o’ - 2alfcos(0 - ¢) +]i] (1.13)
1-2aftcos(0 - ) + &*t| |

o =

:_ (a=l)” 1.13
|bl| _(l—a|t|)2 ( ’ a)

e Critical coupling: When the internal losses within the resonator are equal to
the coupling losses (a=t), 100% of the light propagating in the tapered fiber is
coupled into the resonator and is dissipated inside the resonator. In this case

narrow WGM resonances in the transmission spectrum of the fiber taper are

observed with zero transmission at the resonant wavelengths (|b1|2 =0), and the

condition is known as the critical coupling.

¢ Under-coupling: If the internal loss within the resonator is less than the
coupling loss (a<t), all the incident light is unable to couple into the resonator.
As a result of this small and sharp non-zero wide WGM resonances are
observed in the taper’s transmission spectrum, and this case is known as under-
coupling.

e Over-coupling: If the intrinsic resonator losses are greater than the tapered
fiber induced losses (a>t), all the tapered fiber incident light is coupled into
the resonator but a part of the light is coupled back into the tapered fiber and

the case is called over-coupling.
1.1.7 Properties of optical micro-resonators

e Quality factor: The quality factor (Q- factor) is a dimensionless quantity
which characterizes the temporal confinement of light in the cavity. The Q-
factor of a cavity is the function of the total energy stored in the cavity (U) and
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the energy dissipated per cycle:

Energy Stored o Energy Stored (1.14)

" Power Loss

Q Energy Dissipated per Cycle

The quality factor O can be determined from the WGM spectrum as

QZ%Z% (1.15)

Photon lifetime: For a WGM of frequency wy (or vacuum wavelength 4),

the time dependence of the energy stored in the cavity is:

5 o
UM =U)e * =U()e ™ (1.16)
Where 7, = % = %a) is the cavity photon lifetime defined as the time after
0

which the energy is 1/e of its original value, and where dw is the full width at
half maximum (FWHM) of the WGM resonance in angular frequency units.
Optical losses: There are two main loss mechanisms in WGM resonators,
namely intrinsic and extrinsic losses. Intrinsic losses relate to the physical
properties of the optical resonator such as curvature of the resonator,
absorption by the resonator material, scattering at the resonator’s surface, and
any surface contamination on the resonator. Extrinsic losses are produced by
the environment surrounding the resonator and are mainly due to the external
power losses caused by the coupling to the tapered fiber (coupling loss). The
final resulting Q-factor (Qiae) 1s @ sum of all of these components:

ot = Q'+ Qo = Qg + Qs + Qe + Qe +Qur (1117)
Here Qrad, Qubs, Oscart, and Qcon: are the radiation limited, material absorption
limited, surface scattering limited and resonator contamination limited Q-
factors. The size and the structure of the resonator play a role in determining
the dominant loss mechanism. For example, in a smaller resonator the radiative
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loss is the main loss factor while in the case of a larger resonator surface
scattering and material absorption will dominate.

Free spectral range (FSR): Free spectral range (FSR) is the distance between
two successive resonant modes along the wavelength/frequency axis. FSR of
the resonator is inversely proportional to the size of the resonator, which means
that larger resonators have smaller FSRs and smaller resonators have larger
FSRs. A simple approximation can be obtained for the FSR from the
propagation constant and neglecting the wavelength dependency of the

refractive index as follows:

A A
LNy - 27 RN

FSR = (1.18)

Where /1 is the central wavelength of the spectrum, R is the radius of the
resonator, and ney is the effective refractive index of the resonator.
Finesse: The light circulation time in the cavity normalized to one optical
round trip is called the cavity finesse. The finesse is measured by the ratio of
the WGM modes spacing (FSR) to the mode bandwidth (FWHM):

FSR AQ (1.19)

Finesse (F) = =
FWHM  27zn,R

Mode Volume: The spatial confinement of light in the cavity is termed as
mode volume. A WGM optical microresonator can confine light in a low mode
volume which results in high optical energy density inside the cavity. The

mode volume, V, of a spherical microresonator is given by [1]:

zn

V =347 (Zij 1% I—m+1 (1.20)

Where 4 is the wavelength of light and / is the azimuthal quantum number of

the mode.
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1.2 Research Motivation

As discussed in the above sections, cylindrical WGM micro-resonators have
several potential advantages in sensing and tunable device applications. However,
several existing gaps in knowledge currently prevent their wider use in practical
devices.

One of such obstacles is the lack of simple and effective packaging method which
would allow one to eliminate the need for bulky and expensive micro-positioning
equipment which currently forms an integral part of WGM based devices in
laboratory conditions, and to enable long term mechanical stability and reduced
weight required for practical devices.

Development of the packaging method is linked to a number of related challenges.
One of such challenges is the development of an efficient and robust light coupling
method. While excitation of WGMs using evanescent field of a tapered fiber is a
highly efficient method, commonly used in laboratory conditions, there is a lack
of knowledge on how vibrations and taper angular misalignment, which are almost
unavoidable during packaging, would affect the coupling conditions and
mechanical stability of the device. Moreover, the influences of the tapered fiber
shape and its waist diameter on the WGM spectrum of the cylindrical micro-
resonator are other important issues that to date have mostly been studied
theoretically, with only a few experimental works published to date.

Several earlier studies [84—-92] suggested that the exceptional sensitivity of WGMs
resonances to the shape and diameter of the micro-cylinder could be applied for
measurement of optical fiber diameter variations during their fabrication.
However, using this technique for geometrical profiling of thin microfiber tapers

has not yet been fully explored and could become a powerful non-destructive tool
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for monitoring and troubleshooting of fiber tapers fabrication and the
characterisation of their asymmetries and geometrical profiles.

Numerous WGM strain sensors based on spherical and bubble micro-resonators
made from silica and polymer materials have been proposed in the literature.
However, practical applications of such sensors are limited due to the difficulties
in maintaining the precise alignment between the resonator and the fiber taper,
independent of applied strain and external vibrations. WGM strain sensors based
on polymer optical fibers offer the advantages of higher sensitivity due to a lower
young’s modules and better mechanical stability compared to silica fiber based
resonators and less rigid requirements to the alignment precision compared to
spherical WGM sensors. Therefore, there is a need to explore the use of polymer
micro-cylinders as the basis for novel high sensitivity WGM strain sensors and
tunable devices.

In order to increase the tunable range of a device or sensitivity of a sensor to a
specific parameter, WGM micro-resonators are often combined with various
materials such as conjugated polymers, liquids etc. For this, liquid core optical ring
resonator (LCORR) structures are particularly attractive since they can
significantly simplify such integration of the solid resonator with liquids acting as
transducers, for example, magnetic fluids or liquid crystals. For example, silica
capillary tube based LCORRs for refractive index sensing [64,93-95] and bio
sensing [96] have been proposed recently. The research presented in this thesis
will focus on the development of thermo-optically tunable WGM devices and
WGM magnetic field sensors utilising cylindrical capillary and photonic crystal

fiber micro-resonators.
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Finally, one of the key requirements to any WGM-based sensor or tunable device
is the ability to effectively differentiate between the influence of the target physical
parameter or control signal and the influences of various environmental factors
such as temperature, humidity, etc. This requires some means to stabilize the
operating conditions of the device or, alternatively, additional independent sensors
for monitoring the environmental influences and elimination of environmental
errors by calibration. Since introducing of such additional sensors increases the
cost of the device, there is a growing interest in multi-parametric sensors, which
can offer simultaneous measurement and detection of several parameters using a
common interrogator.

Most of the WGM multi-parametric sensors proposed to date were realized as
integrated photonic circuits or involved coupling of multiple resonators to a single
fiber taper, where the former solution suffers from high cost and the latter from a
limit on the number of resonators that could be coupled to the same taper without
cross-coupling. Therefore, there is a need for a new multi- parameter sensor design

and coupling approach capable of overcoming the above shortcomings.

1.3 Aim and objectives of the research

In line with the motivation outlined in the previous section the core aim of the
research presented in this thesis is:

To investigate and address several key aspects related to the development of
novel sensors and tunable devices based on cylindrical WGM micro-
resonators with the intention of moving such structures closer to practical
applications.

The specific objectives of the research that seek to meet the above aim are as

follows:
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e (Carry out an in-depth investigation of the WGMs effect in different types of
cylindrical micro-resonators (including fiber-based, capillary and LCORR) in
order to establish the influence of the resonator’s geometry and coupling
conditions on the resulting WGM spectrum.

e Develop novel applications of the WGM effect in cylindrical micro-resonators
for non-destructive geometrical profiling of tapered optical fibers with
submicron accuracy.

e Develop a simple and robust packaging method for practical WGM sensors
and tunable devices.

e Explore the use of polymer fibers and polymer wires as the basis for novel high
sensitivity WGM strain sensors and wide tunable range WGM tunable devices
(e.g., tunable filters) and corresponding packaging techniques.

e Develop and demonstrate novel WGM magnetic field sensors and tunable
thermo-optic devices based on cylindrical LCORR structures filled with
magnetic fluids and liquid crystals.

e Develop and demonstrate a novel approach to coupling of multiple cylindrical

micro-resonators for sensing of more than one parameter simultaneously.

1.4 Research Methodology

This thesis is presented as a series of linked journal publications contained within
the core chapters of the thesis. Given the requirements for journal papers, a
description of the methodology may not always be presented. This section
therefore provides a brief overview of the methodology employed in this research.
The methodology employed throughout the research undertaken typically

consisted of a sequence of steps as follows:
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1. Carrying out an in-depth analysis of the physical phenomenon using existing

published knowledge as a foundation

Such studies were undertaken a number of times over the course of the research,
most frequently involving an investigation: a) of methods for excitation of WGMs
in cylindrical micro-resonators, b) of dependence of the WGM spectrum on the
diameter of the resonator considering relevant different geometries, ¢) of methods
for enhancing the sensitivity of WGM sensors and d) of multi-parameter sensing
with WGM resonators.

2. Carrying out numerical simulations for predicting /verifying experimental

results

This involved the development of a Matlab based simulation platform to determine
the position and the corresponding polarization state of WGM resonance modes
within the transmission spectrum of a coupling fiber, modelling of the WGM
spectrum of cylindrical micro-resonators using coupled mode theory, and analysis
of the axial strain effect on the spectral positions of the WGM resonances. All
numerical simulations were performed on a personal computer with Intel(R) Core
(TM) 15-2450M CPU @ 2.50GHz, 8GB RAM, x64-based processor and a 64-bit
OS.

3. Utilizing and customizing existing techniques for fabrication of tapered

optical fibers, cylindrical micro-resonators and LCORRs

In this thesis several types of cylindrical micro-resonator structures were
investigated, including tapered optical fibers with various waist diameters and
shapes, cylindrical silica micro-resonators of various diameters, thin-walled silica
capillary micro-resonators, and photonic crystal fiber resonators. This typically

involved reducing the diameters of commercially available optical fibers or
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capillaries by tapering using the customized microheater brushing technique
described in [97], developed and available in-house.
Both laboratory samples and commercially available plastic optical fibers were
used for the development of WGM based strain tunable/sensing devices. The
polymer wire resonators were fabricated by heating and stretching of a polymethyl
methacrylate (PMMA) rod to a diameter of 230 um at a temperature of 180°C.
Infiltration of the silica capillary and photonic crystal fiber resonators with liquid
materials (commercial nematic liquid crystal MLC 7012 (Licrystal), laboratory-
made ferronematic liquid crystal samples and commercial magnetic fluids from
Cytodiagnostics Inc.) was carried out relying on capillary forces at normal
atmospheric pressure or using a micro-syringe pump, with the choice dependent
on the nature of the resonator.

4. Experimental characterization of the micro-resonators, analysis of the data

and comparison with the results of numerical modeling
a) WGM spectral characterization
Schematic of a typical experimental setup for characterization of the WGM

tunable devices and sensors is shown in Figure 7.

Packaged

Light source L WGM Light
Polarization

SLED/Tunable Controlier Tunable Detector

laser devices/ OSA
Sensors

Figure 7. Block diagram of an experimental set-up to study the response of the

fabricated WGM based sensors/tunable devices.

It consisted of a light source SLED (Thorlabs), an in-line fiber polarization
controller (FPC 30, Thorlabs), connected to the input of the WGM device

whose output is observed at the detector, an optical spectrum analyser (OSA,
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b)

d)

86142B, Agilent) with a resolution of 10 pm.

Characterization of strain response

A 25 mm long translation stage (PT1/M from Thorlabs, Inc) with 10 um
resolution was used to apply different axial strains to the micro-cylinder
samples. The applied strain value in each case was determined using the
measured distance between two fixed ends of the sensor probe and the value
of the elongation controlled by the translation stage. The minimum strain
resolution thus depended on the resolution of the translation stage.
Temperature control

Temperature experiments were performed within the range from 25°C (room
temperature) to 50°C in 1°C steps by placing the packaged device on a
controlled hot stage. In some cases, the temperature was also decreased in 1°C
steps back to room temperature. The hot stage temperature was measured by a
thermocouple (Digital Scientific K-type Thermocouple Thermometer) with
0.1°C measurement resolution.

Magnetic field control

A rectangular permanent magnet with dimensions of 2007x0.5"%0.25" was
used to generate a magnetic field for the characterization of a magnetic field
sensor based on a photonic crystal fiber resonator. The magnetic field strength
was controlled by changing the distance between the sensor fiber and the
magnet. A Gaussmeter probe (RS, GM08) was used as a reference to measure

the magnetic field strength in the vicinity of the sensor fiber.

1.5 Thesis layout

This thesis consists of a series of six linked journal publications and a conference

proceeding prepared within the duration of the PhD research period. All the above-
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mentioned publications are first-author publications by the author of this thesis. As
the research was carried out within a research group, there are several authors for
each publication. A signed statement from all the co-authors is included in
Appendix A, confirming that the first author undertook all aspects of the research
described in each paper, including preparation and submission of the paper, with
the support and advice of the co-authors. In addition, two second-author
publications have been included in Chapter 4 along with the primary first-author
paper due to the significant contributions by the author of this thesis toward the
proposed sensor concepts and design of the experiments presented in these two
second author publications, and due to the direct relevance of these papers to one
of the thesis objectives.

Chapter 1 is introduction chapter which provides the research background,
motivation, research objectives and outlines the layout of the thesis.

Chapter 2 presents the results of experimental studies on the excitation of WGM
resonances in cylindrical micro-resonators made from commercial and tapered
optical fibers with different diameters. The study also focuses on the influence of
the resonator’s tilt angle on the excitation of WGMs. A new method for
geometrical profiling of optical fiber tapers and the detection of asymmetries in
the fabricated thin microfiber tapers is also presented.

Chapter 3 presents an investigation of the proposed strain-assisted technique for
spectral tuning of WGMs in a polymer cylindrical micro-resonator. Axial tensile
strain applied to a polymer micro-resonator results in a strong linear shift of the
WGM spectrum allowing the design of highly sensitive strain sensors. Finally, a
novel and robust packaging method for the WGM based devices is described and

the performance of the packaged strain sensor is evaluated.
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Chapter 4 presents several novel tunable WGM devices and sensors based on
LCORR structures incorporated with electro-optic and magneto-optic liquid
materials. A novel nematic liquid crystal filled packaged capillary tube WGM
device for temperature tuning applications is proposed and discussed along with
two all fiber magnetic field sensors designed using magnetic fluid and
ferronematic liquid crystals filled photonic crystal fiber micro-resonators.
Chapter 5 proposes and demonstrates a novel design principle and fabrication
method for creating multiple-resonator WGM arrays. The proposed design
involves an inline cascade of optical micro-resonators (ICOMR) coupled to
multiple tapered sections along a single optical fiber. The multi-resonators array
can be used for multi-point sensing or sensing of more than one physical parameter
simultaneously.

Chapter 6 summarizes the main conclusions and key results of this thesis and
presents a brief overview of possible future research directions.

Appendix B presents a related conference publication focusing on the investigation
of excitation of WGMs in a spherical micro-resonator by a tapered optical fiber

coupled under various excitation conditions.
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Chapter 2

Excitation of WGMs from silica fiber
based cylindrical microresonators and its

application in geometrical profiling

The primary aim of the research in this thesis is to study the WGM effect in
cylindrical micro-resonators for applications in novel sensors and optical tunable
devices with the particular focus on the practical aspects of their design and
fabrication. This chapter contributes to achieving this aim by presenting and
analysing the results of experimental studies of WGMSs in silica fiber micro-
cylinders. Silica fiber micro-resonators with different diameters are investigated to
establish the influence of the micro-cylinder’s diameter on the properties of
WGMs, such as their quality factor and free spectral range. The chapter also
investigates the optimum conditions for effective excitation of WGMs in such
resonators, including the optimal tapered fiber diameter and the influence of its tilt
angle with respect to the micro-resonator on achieving good quality WGM spectra.
This study underpins the basic techniques for excitation of WGMs in a variety of
cylindrical micro-resonators types considered in the following chapters.

Utilizing the established relationship between the micro-cylinders’ diameters and
properties of WGMs as a foundation, this chapter also proposes and demonstrates
a new technique for geometrical profiling of thin microfiber tapers. As a

demonstration of the proposed method, samples of tapered optical fibers with
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different waist diameters and shapes are fabricated and profiled using both the
WGM spectroscopy and scanning electron microscope imaging confirming the
accuracy of the proposed method. The new WGM profiling method is a promising
non-destructive tool for monitoring and troubleshooting of fiber taper during
fabrication, and subsequently characterisation of their asymmetries and

geometrical profiles.

2.1 A comprehensive experimental study of whispering
gallery modes in a cylindrical micro-resonator

excited by a tilted fiber taper!

Abstract: Whispering gallery modes (WGMs) excitation in a cylindrical micro-
resonator formed by a section of silica optical fiber has been studied. Evanescent
light coupling into the micro-resonator is realized using a tapered optical fiber,
fabricated by a micro-heater brushing technique. Several types of silica fibers with
different diameters are studied as micro-resonators, and the influence of the
resonator’s diameter on the excitation of WGMs is investigated. The excitation of
WGMs in a cylindrical fiber resonator were studied with changes to the tilt angle
between the micro-cylinder and the fiber taper in the range of angles from a
perpendicular position (0°) to large tilt angles (24°). The evolution of the fiber
taper transmission spectrum with the change of the tilt angle results in changes in

the intensity, broadening of and a blue shift in the WGM resonance spectra. Overall

1V, Kavungal, G. Farrell, Q. Wu, A. K. Mallik and Y. Semenova, “A comprehensive experimental
study of whispering gallery modes in a cylindrical micro-resonator excited by a tilted fiber taper,”
Microwave and Optical Technology Letters, 60, 1495-1504 (2018).
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losses in the taper transmission spectrum decrease with the increase of the taper
tilt angle from its perpendicular position, followed by a complete disappearance of
the WGM resonances at large tilt angles greater than 20°.

Keywords: Whispering gallery modes; Tapered fiber; Microcavities; Optical

microresonators; Fiber optic sensors.

2.1.1 Introduction

Whispering gallery modes (WGMs) are electromagnetic surface oscillations
formed in dielectric micro resonators with a circular structure such as spheres,
cylinders or disks. WGMs arise as a result of trapping of light within the micro-
resonator by total internal reflections from the resonator’s curved surface. Such
reflections force the light to take on a polygonal path within the curved structure,

effectively confining its energy to a very small volume.

Optical micro-resonators supporting WGMs are attractive photonic devices due to
their small mode volumes, very high power densities, narrow spectral linewidths
and high Q factors. Such micro-resonators have been shown to have potential use
in many areas, including studies of nonlinear optical effects and quantum
electrodynamics, low threshold micro-lasers and very sensitive micro-sensors.
WGMs can be supported by a variety of resonator geometries and the choice of
the particular resonator for a given application is usually influenced by three major
factors: the achievable value of the Q-factor; ease of fabrication and ease of
integration [1-4]. The most common micro resonators are spherical; they are

relatively easy to fabricate and usually have very high Q-factors: ~ 10%at 1.55 um

for silica [5] and ~10° at 1.55 um for chalcogenide glass [6].
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Cylindrical WGM resonators have the disadvantage that due to the longitudinal
degree of freedom in such structures a coupled beam can spread along the cylinder
length and eventually vanish even if there is no material loss. However, Sumetsky
etal. [7] theoretically reported an infinitely long cylindrical micro-resonator with

its Q-factor as high as that of spherical and spheroid counterparts.

There are a number of potential advantages that make fiber-based cylindrical
resonators worth exploring. Some of these have been pointed out previously by
Farca et al. [8]: optical fibers are highly uniform in diameter, allowing large
numbers of identical resonators to be fabricated easily and providing a high degree
of repeatability; fiber micro cylinders are easy to handle, and the alignment for
optimal coupling of the excitation light into the fiber resonator depends on only
one angular degree of freedom, as opposed to two for experiments involving
microspheres. Due to this the optical setup for fiber-based experiments is more
straightforward. Moreover, previously reported experiments showed that micro-
cylindrical resonators demonstrate narrow peaks for both the microfiber
taper/micro-cylinder configuration [9] and for free Gaussian beam scattering [10].
The authors in [11-13] demonstrated that excitation of WGMs in cylindrical fiber
resonators can be applied to high-resolution measurements of the fiber diameter
variations. More recently, authors in [14] reported a tunable high Q-factor

cylindrical micro resonator based on a tapered silica micro-fiber.

There are several methods of light coupling in and out of a WGM resonator that
includes free space coupling and guided wave coupling. In free space coupling
WGMs are excited using focused lased pump to the resonator and the transmitted
light is collected using a collimator to a detector [15-17]. In guided wave

coupling, the most commonly used method is based on evanescent-wave coupling
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either from an adjacent guiding structure such as a tapered optical fiber coupler, a
polished fiber half block coupler [18,19] or a channel waveguide coupler [20],
and coupling under frustrated total internal reflections such as a prism [21] or an
angle-polished fiber [22]. Among them tapered fiber is an excellent and easy to
align coupling approach with a demonstrated ultra-high coupling efficiency of up
to 99% [23]. The phase matching condition in the tapered fiber coupling can also
be controlled by the diameter of the taper and the gap between the fiber taper and

the resonator [24].

In order to maintain stable coupling conditions and to protect the micro resonator-
tapered fiber system from environmental perturbations many techniques have been
developed. These include packaging of the resonator-coupler system with a low
refractive index UV curable [6,25-27] and moisture curable [28] polymer glue,
fabrication of silica side walls close to the resonator for mechanical support of the
tapered fiber [27-29] and the use of special resonator shapes such as an inverted
wedge silica resonator [29] and an octagonal silica toroid [30]. Maintaining perfect
alignment of the light coupling tapered optical fiber and the micro-resonator during
packaging is a challenging task since perturbations can lead to a misalignment or

tilting of the tapered fiber with respect to the resonator.

Tilting, where the cylindrical micro-resonator is not perpendicular to the coupling
fiber, has an effect on WGM excitation in a cylindrical micro-resonator. This was
studied by J. A. Lock et al. [31,32] and A. W. Poon ef al. [10]. In their experiments,
spiral morphology dependent resonances in an optical fiber were excited by elastic
scattering of both focused and unfocused laser beams on a tilted optical fiber with
small angles from perpendicular to the incident beam propagation directions. A.

Boleininger et al. [13] reported an investigation of tilting effect of cylindrical
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micro-resonator on the excitation of WGMs by the evanescent field of a tapered
optical fiber. However, in their work the range of tilt angles of the micro-resonator
with respect to the perpendicular position of the tapered fiber was limited to 13°
and several significant aspects of tilting, such as its influence on the overall

transmission losses and resonance wavelength shift were not considered.

To the best of our knowledge this work is the first comprehensive experimental
investigation of the influence of the fiber taper tilt on the excitation of WGMs in a
fiber cylindrical micro-resonator. We report on changes in the evolution of the
WGM transmission spectrum of the tapered fiber with the increase of the tilt angle
between the fiber resonator and the taper in the range of tilt angles from the
perpendicular position of the taper (0°) to 60° tilt angle and analyze the influence
of the tilt on the spectral positions of the WGM resonances and the effect of tilting

on light transmission in the taper.

In addition, we investigate and analyze the optimum fiber taper waist diameter to
achieve the most efficient light coupling into the micro-resonator and the influence
of the resonator radius on the parameters of the WGM spectrum, such as Q-factor

and the free spectral range.
2.1.2 Properties of WGM resonances

WGM resonances excited in the cylindrical cavity can be characterized by their
quality factor (Q), a figure of merit generally used to describe all kinds of
resonators. In our case the WGM resonant modes are formed in the transmission
spectrum of the tapered fiber due to the destructive interference between the light
propagating in the tapered fiber and the light circulating inside the cylindrical
cavity. The transmission spectrum of the fiber taper typically displays a periodic

pattern of Lorentzian dips corresponding to the WGM resonances. The separation
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of successive resonances is referred as the free spectral range (FSR).

A simple approximation can be obtained for the FSR from the propagation

constant, starting with [33,34]

— 0
% :_ﬂ+k neﬁ
oL A oA

2.1)

Neglecting the wavelength dependency of the refractive index [33] yields

B_B 2n N F

= ~ 2.2
oA A A oA A (2-2)
The FSR of the resonator is then given by the equation:
-1 2
FsR = 2% (%) _T2r( A A (2.3)
L (o4 L B) n4L

Where L is the circumference of the resonator. Thus, the FSR is given by:

/12
FSR=— 2 (2.4)
27t R N

From this approximate relationship between the FSR and the radius of the
resonator, it is clear that the WGMs spectral spacing decreases with an increase of
the resonator radius and thus a larger cavity can accommodate a higher number of
modes. The WGMs spectral positions follow a simple approximation:

_ 27Rn
m

A

m

(2.5)

Where R is the radius of the resonator, 7 is the refractive index of the resonator, 4,
is the resonance wavelength and m is the integer called the azimuthal mode
number. This approximation is more accurate when the path taken by the light is
close to a circle, which is true for larger radius resonators. This is because, based
on a ray optics model, the total internal reflection path around the curved surface

is polygonal in nature, so the true path taken by the light is slightly shorter than

46



the circumference of the resonator and thus the resonance wavelength is slightly

shorter than the predicted by the Eq. (2.5) value [13].

Using a wave optics model one can get more accurate values for the resonance
wavelength by solving the respective eigenvalue equation inside the cavity. WGMs
in a cylindrical cavity are defined by three mode numbers: the radial mode number
(1), the azimuthal mode number (m) and the slab mode number (p). For a WGM
with a mode number m there are 2m field maxima around the circumference of the
cylinder (cylinder azimuth), (/-7) nodes along the radial coordinate of the cylinder

and p nodes along the axis of the cylinder [13].

As stated above, the azimuthal mode number (m) is related to the number of field
maxima distributed along the circumference of the resonator, so for a larger
cylinder radius the azimuthal number of the resonant modes increases but this also
leads to a reduction of the spectral spacing between the WGM resonances. Spectra
with well separated WGM s are desirable for sensing applications, since in this case
spectral shifts are easier to discern. Thus, for example, the authors in [35,36]
increased the FSRs of their sensors by reducing the diameter of the sensor

structures.

The sharpness of the WGM spectral dips greatly impacts the resolution of sensors
based on WGM micro-resonators, since a sharper peak allows for the detection of
smaller spectral shifts in the resonance wavelength. This sharpness can be
characterized by the value of Q-factor of the micro-resonator. The Q-factor is a
dimensionless parameter related to loss of energy in an oscillatory system. It is
defined as the ratio of the central resonance wavelength (/m) to the full width at

half depth (AZm) of the same resonance:
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Q= tm (26)

In an resonant optical structure, the Q-factor is proportional to the decay time of
the mode, which in turn is inversely related to the sum of losses from the various
loss mechanisms. The quality factor in WGM resonators is limited by various
factors such as intrinsic radiative (curvature) losses, scattering losses due to
residual surface inhomogeneities, losses due to surface contaminants and material
losses [37]. When WGMs in a resonator are excited using a tapered fiber in contact
with the resonator, the corresponding Q- factor is referred to as a loaded Q-factor.
Due to physical contact of the fiber taper, coupling will cause additional losses in
the resonator. The unloaded or intrinsic Q-factor of the resonator is the Q-factor
calculated in the absence of coupling losses. The loaded Q-factor is always smaller

than the unloaded Q-factor [34].

2.1.3 Experimental arrangement, results, and discussion

a) Fabrication of tapered optical fibers

Light propagation inside a standard optical fiber with a diameter greater than the
propagating light wavelength is guided by total internal reflection and the light is
localized inside the core. When light hits the interface between the core and
cladding layers, a small portion of the light energy infiltrates the cladding as an
evanescent field that exponentially decays into the cladding region. The
penetration depth of the evanescent field into the cladding is given by the

formula [38]

A
P 27(nsin? @ —n2)Y?

2.7)
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Where /4 is the wavelength of light and n; and n are the refractive indices of the
core and cladding respectively. @ is the incident angle measured from the normal
at the interface of the core and cladding. The reflected beam from the interface is

returned to the core with a phase shift along its axial propagation direction.

When the diameter of the optical fibre is greatly reduced to a micron scale by
tapering, the original boundary between the fibre core and cladding at the waist
region is no longer significant. The refractive index contrast between the core and
cladding becomes very small. In this case, an optical micro-fiber can be considered
as a cylindrical waveguide with a homogeneous refractive index profile. In a thin
fiber taper light is guided by the total internal reflection at the cladding-air
interface (if the surrounding medium is air). Under these conditions a significant
portion of light propagates outside of the microfiber. The presence of a large
evanescent field outside of the tapered portion of the fiber can be used for coupling
the light into another fiber acting as the micro-cylinder by placing both fibers in

direct physical contact.

The optical properties of the tapered micro-fibers strongly depend on the geometry
of both their transition and waist regions. If the tapering process is carried out in
such a way that the fiber diameter within its transition region changes smoothly
and can be adiabatically slow as a function of fiber length, the taper is considered
adiabatic. This condition ensures low transmission loss and small inter-mode
coupling. In our experiments, we used adiabatic tapers for excitation of WGMs

form cylindrical micro-resonators [39,40].

The fiber taper for light coupling was fabricated using the micro-heater brushing
technique. A short length of a coating-stripped standard single mode fiber (SMF

28, Corning) with core and cladding diameters of 8.3 and 125 pm respectively was
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cleaned with isopropyl alcohol. The stripped and cleaned fiber section was fixed
horizontally between two computer controlled XYZ translational stages. The
tapered fiber was then fabricated by means of a customized micro-heater brushing
technique described in [41]. A ceramic micro heater (CMH-7019, NTT-AT) was
used to heat the fiber up to approximately 1300°C, making the silica material soft
enough for tapering. A customized PC program allowed for an accurate control of

the diameter, the length and the shape of the fabricated tapers.

In our experiment, the tapered waist diameter is approximately 1.3 pm, the waist
length is around 3.5 mm and the full taper length is circa 30 mm. The fabricated
fiber taper was then fixed on a glass slide at a height of ~1 mm from the slide
surface using two drops of UV curable epoxy (Norrland). The total length of the
fiber between the cured epoxy droplets was 40 mm. Figure 8 shows the schematic
diagram of the optical fiber tapering setup.

Power supply

i..—-
me

Ceramic micro-heater

Optical fiber (SMF-28)

Translation stages

Tapering motion control program

Figure 8. Schematic diagram of the micro-fiber fabrication setup based on the microheater

brushing technique.

The fabricated fiber taper with waist diameter of circa ~1.3 pm was experimentally

determined to be the optimal diameter choice to balance the need for effective light
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coupling against mechanical fragility. Initially the transmission loss of the tapered
fiber was measured as a function of wavelength, with reference to the un-tapered
fiber. It was found that the fiber taper shows an increased 1.3 dB loss over the

spectral range from 1500 to 1600 nm, compared with the un-tapered fiber,

b) Experimental setup

In our experiment a short (circa 3 cm) section of a silica optical fiber with its buffer
coating removed using a fiber stripper was used as the micro-cylinder. Evanescent
light coupling to the micro-cylinder was achieved by a full fiber taper placed in
physical contact with the micro-cylinder. Figure 9 illustrates schematically the
experimental setup for recording the transmission spectrum of the micro-fiber

taper and observation of the WGM s of the cylindrical micro-resonator.

The input end of the fiber taper was connected to a Super luminescent diode (SLD)
(Thorlabs), with a wavelength range of 1500-1600 nm followed by a three-paddle
manual polarization controller (Thorlabs). The output of the fiber taper is

connected to an Optical Spectrum Analyser (OSA) (86142B, Agilent).

Microscope 2

Polarization controller l
SMF-28 Mlcroscope 1 Mlcro -cylinder
) ) 5 / /Flber taper '{f\l\(

Light Light
. out

l‘"‘ 3\

’4 Rotauon stage Translatlon - X

stages "= 28840
SLD OSA

/—' k.

Figure 9. Experimental setup for observation of the transmission spectrum of WGMs in a

cylindrical micro-resonator excited by a fiber taper.
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Figure 10 is a microphotograph of the micro-cylinder resonator in perpendicular
position with respect to the tapered fiber. Here Zsiber is the micro-cylinders
meridional axis with the laboratory coordinates system (Xiab; Zian), Xiab is the axis

of the tapered fiber and Za is the normal to the tapered fiber.

Micro-cylinder

=

Tapered fiber

v

Figure 10. Microphotograph of the micro-cylinder resonator in perpendicular position with

respect to the tapered fiber.

c) Selection of the optimal tapered fiber diameter

For selecting the optimum tapered fiber diameter for the excitation of WGMs for
a particular diameter microcylinder, fine tuning of the phase matching was
performed by moving the microcylinder along the taper relative to the waist region
while keeping both the micro-cylinder and tapered fiber perpendicular relative to

each other.

Figure 11 shows the WGM spectra recorded by placing a 240 um cylindrical
micro-resonator in direct contact with a tapered fiber at different positions along
its axial direction corresponding to the varying diameters of the taper waist region.

The waist diameter of the fabricated tapered fiber at its thinnest part is circa ~1.3
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um. It can be seen from the figure that no WGM resonances were observed in the
spectra recorded at the positions along the fiber taper when the waist diameter was
~5 um and larger, indicating that in those cases the power re-coupled from the
micro-resonator into the fiber taper due to evanescent field was much lower than
that of transmitted power along the fiber taper. At the position corresponding to
the diameter of ~3.34 um WGM resonances are observed with a small (0.82 dB)

extinction ratio and an overall average spectral loss of -4.34 dB.

As the taper diameter decreases, the extinction ratio of the WGM spectrum
gradually improves and the overall transmission loss grows, indicating that more
light is coupled into the resonator. When the taper diameter reaches 1.3 pm, the

extinction ratio is 5.43 dB and an average spectral loss is 15.8 dB.

Taper diameter
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Figure 11. WGM transmission spectra excited in the cylindrical fiber resonator with a

diameter of 240 pum for different tapered fiber diameters.

Since in the proposed coupling method involves placing the fiber taper in direct

physical contact with the micro-resonator, further decreases in the fiber taper waist
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diameter beyond 1 pum is undesirable as it may result in a fiber taper bend and an
associated bend loss, while also being more susceptible to breakage. In our
experiments, therefore the fiber taper with the waist diameter of 1.3 um, whose
SEM image is shown in Figure 12, was employed for light coupling into a 240 um

fiber micro-resonator.

SU6600 1.0kV x8.00k SE 5.00um

Figure 12. SEM image of the waist portion of the tapered optical fiber.

d) Dependence of the WGM spectrum on the diameter of the resonator

For the purpose of the experiment, fourteen micro cylinders with different
diameters from 8 um to 125 um were fabricated from SMF28 fibre using a fiber
tapering technique to produce different fiber diameters. Additionally, a single 240
pum micro cylinder was fabricated from a multimode fiber, type BFL 22-200, &240

pm.

For illustration purposes, Figure 13(a-d) shows the experimental WGM spectra of
different diameter cylindrical micro-resonators excited by the same tapered fiber
with the waist diameter of ~1.3 um. Figures 13(a), (b), (c), and (d) show the WGMs
spectra for 240 um, 125 um, 36 um, and 8 pm diameter cylindrical silica fiber

micro-resonators.
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As shown in Figure 13, for a 240 um diameter cylindrical micro-resonator 34
resonance modes are observed within the range of 1500-1600 nm with an average
spectral spacing of 2.89 nm. Decreasing the diameter of the resonator means that
the number of modes in a given wavelength range also decreases leading to an
increased spectral spacing. The number of modes for cylindrical micro-resonators
with diameters of 125 um, 36 pm and 8 pum are 21, 7, and 2 respectively with
corresponding spectral spacings of 4.64 nm, 14.37 nm, and 71 nm. It is noted that
the overall transmission loss of the spectrum decreases as the diameter of the

micro-resonator reduces.

Figures 14(a) & (b) illustrates the experimental dependencies of different spectral
parameters versus the diameter of the micro-cylinder in the range of diameters
from 8 to 240 um. Figure 14(a) shows the variation of the FSR of the WGM
spectrum versus the resonator diameter. As was shown previously in Figure 13,
with a decrease in the diameter of the resonator, the possible nhumber of WGM
resonances Vvisible within the specified wavelength range becomes smaller and the
spectral separation between the resonance modes increases, consistent with the

theory presented earlier.

The widths of the WGM dips increase with the decrease in the size of the resonator.
Figure 14(b) shows the full width at half maximum (FWHD) and Q-factor of
selected WGM resonance dips of various cylindrical resonators versus the
resonator’s diameter. One can see that as the diameter of the resonator decreases,
the WGMs resonances broaden. The broadening of the resonance dips is due to the
increased curvature loss, and thus a lower Q, when the resonator’s diameter

becomes smaller.
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Figure 13. WGM spectra for cylindrical micro-resonators with different diameters: (a) 240

um (b) 125 pum (¢) 36 pm and (d) 8 pum.

56



The Q-factor of the WGMs increases with an increase in the diameter of the
resonator. In practical experiments, the Q-factor of WGM resonators may be
limited by various factors such as irregularities on the surface of the micro-

cylinder, losses due to surface contaminants, etc.
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Figure 14. Variation of (a) free spectral range (FSR), (b) full width at half minimum (FWHM)
and quality factor (Q-factor) of the WGM resonances for different diameter resonators with

curve fit.

Reducing the diameter of the resonator eventually leads to a violation of the total

internal reflection (TIR) for the light propagating inside the curved surface of the
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cavity. Below a certain radius of the cavity, R...» the resonator loses its capability
to trap light by means of TIR. Considering the WGM path inside a polygon with a

side of length 4 [35]:

A 1
R, =2 2.8
nz-60 (2.8)

c crit

Where 6. (in radian) is the critical angle, n. is the refractive index of the cavity,
and / is the vacuum wavelength of the circulating light. Using the above equation,
one can predict Ry, = 0.45 pm by assuming A = 1550 nm and n. = 1.44. However,
in practical conditions other loss mechanisms add to this fundamental limitation.
There are reports on the excitation of WGMs in 1.5 um [35] and 2 pm [42]
polystyrene micro-spheres. The smallest reported whispering gallery optical
resonator is an individual hexagonal ZnO nano-cone whose diameter gradually
reduces from bottom to top in the range of 700 to 50 nm and at a wavelength of
380 nm [43]. In our experiments with silica cylindrical micro-resonators we were
able to observe WGMs excited in a resonator with a minimum radius of 3 ym at a
wavelength of 1550 nm.

e) WGMs in a cylindrical micro-resonator excited by a tilted fiber taper
Here we present the results of our experimental investigations of WGMs in a
cylindrical micro resonator formed by a short length of a multimode fiber, with a
diameter of 240 um, as a function of the tilt angle of the micro resonator with
respect to the fiber taper, used for coupling the light in the resonator. This work is
motivated by the need to understand the tolerance of the excitation of WGMs in a

cylindrical fiber resonator with respect to changes in the tilt angle.

Figure 15 is a microphotograph of the micro-cylinder tilted from its perpendicular

position with respect to the tapered fiber. Here Zsiver is the micro-cylinder axis,

58



creating angle @ (tilt angle) with the laboratory coordinates system (Xiab, Ziab). Xiab

is the axis of the tapered fiber and Zas is the normal to the tapered fiber.

Micro cylinder

¥

Tapered Fiber

} Zfiber Zlab

<)
><Iab

Figure 15. Microscopic image of the micro-cylinder with the tapered optical fiber.

As it was shown in the Figure 9, the fabricated fiber taper is straightened and fixed
between two translation stages which supports three-dimensional movement for
precise alignment. One end of the resonator under test (labeled as “micro-cylinder”
in the figure) is fixed on a rotating stage with an angular scale for measurement of
the tilt angle and is also mounted on the top of the second translation stage with
adjustable vertical position to allow for the light coupling and for an accurate
control of the tilt angle between the micro-cylinder and the fiber taper. Due to the
short length (~3 cm) and relatively large diameter of the fiber micro-cylinder it
should be noted there is no visible bending of the fiber micro-cylinder observed

during the experiment. The choice of a 240 um diameter resonator was used as this
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has the highest Q-factor and was also the cylinder which suffered the least bending,

when supported at one end only.

This process of micro-alignment is repeated for a number of tilt positions of the
micro-cylinder with respect to the fiber taper assisted by two optical microscopes,

which provide both top and side views of the micro-cylinder-tapered fiber system.

In our experimental setup polarization of the input light was controlled by a three-
paddle polarization controller FPC030, with adjustment applied to achieve

maximum coupling for a tilt angle of 0°.

Figure 16(a) shows the transmission spectrum of the fiber taper aligned
perpendicularly to the 240 um diameter fiber cylinder (in the adopted coordinate

system this corresponds to 6 = 0°).

WGM resonances are clearly present at wavelengths of 1532.55 nm (pl), 1534.84
nm (p2), 1537.09 nm (p3), 1539.38 nm (p4), 1541.67 (p5) and 1544.21 nm (p6).
The average extinction ratio, FWHM for the observed resonances and FSR of the
spectrum are estimated as 7.76 dB, 0.08 nm and 2.27 nm, respectively. The
maximum Q factor is measured as circa 1.83 x 10% Figure 16(b) illustrates a
selected narrow portion of the experimental spectrum around 1534.8 nm and its

Lorentzian fit used to derive the estimated value of the Q factor.

The micro-cylinder was then tilted progressively in 2° steps from the perpendicular
position to 24° and the spectrum was recorded for each tilt angle. Figure 17(a)
shows the WGM spectra for different tilt angles of the micro cylinder for a
representative number of spectra at 0, 2°, 16° and 20°. Not all of the measured

spectra between 0° and 24° are shown in Figure 17(a) for the sake of clarity.
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Figure 16. (a) WGM spectrum generated by a 240 pm diameter cylindrical micro- resonator

(normal to the taper, 6 = 0). (b) Lorentzian fit of one of the WGM peaks, estimated Q factor is

One can see from the figures that increasing the tilt angle results in an increase in
the average loss for the spectrum associated with that tilt angle and the decrease in
the extinction ratio for the dips associated with the WGMs. Also, some broadening
of the WGM resonant dips is observed, accompanied with by a slight blue shift of

the dip wavelengths. At tilt angles greater than 24° no resonance peaks are




The observations above could be interpreted as follows: The efficiency of the light
coupling from the tapered fiber to a particular WGM inside the micro-cylinder
depends on the overlap between the evanescent field of the fiber taper and the
corresponding mode field. The overlap is at its maximum when the two fibers are
perpendicular to each other. As the tilt angle increases and the micro-cylinder
moves away from the perpendicular position (6 = 0°), the fundamental mode field
decreases. At the same time with an increase in the tilt angle, the overlap with
helical, higher order, WGMs of the resonator improves [13] and as a result
coupling into these modes becomes more efficient, which causes the spectral

broadening of WGM peaks observed in our experiment.

Figures 17(b) illustrates the measured variation of the overall average transmission
loss of the spectrum and the extinction ratio of the WGMs for different tilt angles.
With an increase in the micro resonator tilt angle away from the perpendicular
position, the overall average loss of the spectrum increases and a monotonic
decrease in the extinction ratio of the WGMs is observed.

It is found that the extinction ratio for the spectral dips reaches a half of its original
value in dB when the tilt angle increases to 16° and a quarter of its original value
when the tilt angle is equal to 20°. An average reduction of ~0.95 dB in the
extinction ratio is observed for each 2° increases in the tilt angle.

Finally Figure 17(c) illustrates the increasing FWHM and the blue shift
experienced on a selected WGM resonance dip with an increase in the tilt angle 6.
The broadest WGM resonances in our experiment were observed at the tilt angle
of 24° with a FWHM greater by 1.6 nm compared with that corresponding to the

micro-cylinder which is perpendicular to the fiber taper.
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Figure 17. (a) Transmission spectra of the tapered fiber in contact with the micro-cylinder for
different tilt angles with respect to the perpendicular position; (b) overall average loss of the
transmission spectrum and extinction ratio of the WGM dip (for peak p2) with the increase in
the tilt angle; (c) The broadening of the WGM dip and blue shift experienced on a selected

WGM dip with the increase of the tilt angle.
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The selected WGM dip (p4 in Figure 16(a)) experienced a 2.6 nm blue shift from
the resonance wavelength 1539.38 to 1536.82 nm with the corresponding increase
in the tilt angle from 0° to 24°. The significant application of this work is, it is a
new method to tune the wavelength and linewidth of WGM of a cylindrical micro-

resonator.

2.1.4 Conclusions

In summary, we have experimentally investigated the excitation of WGMs in
cylindrical micro-resonators formed by silica optical fibers. The light was
evanescently coupled into the micro-cylinder from a tapered optical fiber. The
results of our studies allow for experimental determination of the optimum
diameter of the tapered optical fiber for efficient evanescent light coupling into the
fiber micro-cylinder. The influence of the micro-resonator radius on the WGM
spectral parameters, such as the Q-factor and FSR has been experimentally
investigated and analyzed. The optimum conditions for generating WGMs in a
cylindrical micro-resonator are observed when the tapered fiber is perpendicular
to the micro-cylinder. Evolution of the WGM spectrum with the increase of the tilt
angle away from its initial perpendicular position resulted in changes in the
intensity, broadening and blue shift of the WGM resonant wavelengths. Overall
spectral losses increases with the increase of the tilt angle, and a complete

disappearance of the WGM resonances occurred at large tilt angles above 24 °.

The results of this work are useful for an understanding of the optimum conditions
for excitation of WGMSs in cylindrical fiber resonators and can be applied to

expand the range of practical applications of cylindrical fiber micro-resonators.
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2.2 Studies of geometrical profiling in fabricated tapered
optical fibers wusing whispering gallery modes

spectroscopy?

Abstract: This paper experimentally demonstrates a method for geometrical
profiling of asymmetries in fabricated thin microfiber tapers with waist diameters
ranging from ~10 to ~50 um with submicron accuracy. The method is based on the
analysis of whispering gallery mode resonances excited in cylindrical fiber
resonators as a result of evanescent coupling of light propagating through the fiber
taper. The submicron accuracy of the proposed method has been verified by SEM
studies. The method can be applied as a quality control tool in fabrication of
microfiber-based devices and sensors or for fine-tuning of microfiber fabrication
set-ups.

Keywords: Fibers; Fiber optics sensors; Microcavity devices; Microstructured

optical fibers; Resonators; Surface waves; Fiber characterization; Fiber properties
2.2.1 Introduction

Precise measurement of the outside diameter of standard optical fibers is important
in both the manufacturing and quality control of such fibers. Fiber diameter
measurements are used to understand and dynamically control the fiber drawing
process and to select fibers suitable for commercial use. Other areas where a highly
accurate fiber diameter measurement technique is required are related to

improving the quality of fiber Bragg gratings [44], fabrication of special fibers,

2V, Kavungal, G. Farrell, Q. Wu, A. K. Mallik, and Y. Semenova, “Studies of geometrical profiling
in fabricated tapered optical fibers using whispering gallery modes spectroscopy,” Optical Fiber
Technology, 41, 82-88 (2018).
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fiber-based devices, and more recently, microfiber based resonant devices [45].

Many of the fiber diameter measurement techniques developed to date are based
on an analysis of interference fringes or diffraction patterns produced as a result
of light scattering by an optical fiber under test [46-54]. The accuracy of these
techniques is in the order of a few tens of nanometers, but complex equipment is
required utilising spatial optics which involves complex measurement and signal
processing. Birks et al. [11] suggested a simple and accurate method for the
measurement of the variations in the diameter of an optical fiber based on the use
of a microfiber. In their experiment, a guided mode of a microfiber was
evanescently coupled into whispering-gallery modes (WGMs) propagating around
the circumference of the fiber under test, which itself served as a cylindrical micro-

resonator.

WGMs are electromagnetic surface oscillations which arise in dielectric micro-
resonators with a circular structure as a result of the trapping of light within the
micro-resonator by total internal reflections from the resonator’s curved surface
with a near-glancing incidence (angle of incidence (i) ~ 90°) [1]. Such reflections
force the light to take on a polygonal path within the curved structure, very close
to the surface of the resonator, and effectively confine its energy within very small
volumes. The exceptional sensitivity of such resonances to the shape and size of
the resonator make WGM spectroscopy a promising tool for geometrical profiling

that can measure diameter variations at a sub-wavelength scale.

In Birks’s experiments a microfiber with a guided light mode was used to
accurately measure the relative diameter variations of less than one part in 10%, as
a possible means to implement accurate diameter control for fibre drawing. In that

scheme, the microfiber and fibre under test moved relative to each other and were
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also in physical contact with each other. The fibre under test acted as a cylindrical
WGM resonator and the fiber diameter variation was calculated from the shift of
a WGM resonance detected in the transmission spectrum of the microfiber. This
technique was further developed by Sumetsky and Dulashko in [12] by addressing
some problems in Birks’s method that arose because only a single resonance was
tracked. This problem was resolved in Sumetsky’s method by increasing the
number of WGM resonances whose spectral positions were traced leading to the

demonstration of reliable angstrom fiber diameter measurement accuracy.

Another alternative method of fiber characterization is by calculating the effective
diameter of the resonator using the information from the WGMs spectral spacing.
The fundamental WGMs are localized close to the surface of the cylindrical
resonator and thus the FSR can be linked to the microresonator’s effective
diameter [33, 34]. Using this approach, Boleininger et al. [13] experimentally
demonstrated WGM profiling of a 3 mm long tapered optical fiber with a diameter

>80 um, and verified the accuracy of their method using optical microscopy data.

Tapered optical fibers themselves have been intensively studied in the recent years
for applications as sensors for temperature, strain and biomedical measurands as
well as various devices for optical communications due to their simple fabrication,
configurability and excellent performance [45, 55-58]. More recently asymmetric
fiber tapers have attracted a lot of attention as high sensitivity sensors, narrow-line
optical comb filters [59-62] and surface nano-scale axial photonics devices [63—
67]. The growing popularity of tapered fiber-based devices requires the
development of a simple and accurate taper profiling and a-/symmetries
characterization method which would be useful for better understanding of such

devices fabrication and quality control.
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In this paper, we for the first time explore and experimentally demonstrate
applicability of WGM spectroscopy for characterization of asymmetries in thin
fiber tapers with waist diameters ranging from ~10 to ~50 pum where a submicron

resolution is required.

Our WGM spectroscopy method is based on calculations of effective diameters
using the experimentally measured FSR of the WGMs spectra. The technigue is
nondestructive, and the measurements can be carried out in situ as opposed to
measurements with an optical microscope. In addition, the proposed technique is
a better alternative to optical microscopy since its resolution is not limited by the
diffraction limit. To verify the submicron accuracy of our proposed method
effective diameters of the tapered fibers calculated using the WGM spectroscopy

were verified by scanning electron microscopy (SEM).

2.2.2 Theoretical background

a) Tapered fiber transmission spectra

The transmission characteristics of a tapered optical fiber, coupled with a
cylindrical micro resonator and the coupled power circulating inside the
cylindrical micro-resonator, can be described using universal coupled microcavity
theory [68]. In Figure 18, the field amplitudes at the input and output of the tapered

optical fiber are denoted as a: and bz respectively.

The coupled field amplitudes in the cylindrical micro-resonator immediately
before and after the coupling region are a, and b respectively. The circulation loss

factor inside the cylinder is denoted by «, which can be found from [68]:

az i0
—= =qe
b, (2.9)
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Figure 18. Schematic diagram of tapered fiber coupled cylindrical resonator.
Where 6 is the circulation phase shift given by:

2
~ A7 RN

- (2.10)

Here nef is the effective refractive index of the mode that propagates along a
circular path within the cavity, R is the radius of the cylindrical micro-cavity, and

A is the resonance wavelength.

By setting a; = 1, the normalized transmission power of the tapered optical fiber

is given by [68]:

|b1|2 _a®—2altlcos(@— ) + |t|2

= 2.11
1= 2aficos(O—g) + 1D

Here ¢ represents the transmission coefficient of the system, which is related to the

coupling coefficient (x) by the equation:
[t =1—|k|’ (2.12)

Where ¢, is the phase offset due to coupling to the tapered optical fiber. When the

resonance condition is satisfied, ¢, is zero [69].
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Based on Eq. (2.11), the typical curves of the loss factor («) due to circulation
versus transmission power for a cylindrical resonator-tapered fiber system are
simulated and shown in Figure 19(a). The simulated plots are for three different

values of || equal to 0.999, 0.980, and 0.960 respectively.
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Figure 19. (a) Relationship between the transmission powers of the tapered fiber coupled with
the cylindrical microresonator with the resonator internal loss coefficient (o) and, transmission
loss coefficient (|t|) with its transmission power. (b) The simulated transmission spectrum of

the tapered fiber at critical coupling.
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From Eq. (2.11) it can be seen that when [t| = a, there is no light power in the
transmission spectrum (|bi]> = 0). This is due to the fact that when the internal loss
is equal to the transmission loss there is a perfect destructive interference in the
tapered fiber between the power transmitted through the fiber taper and the
circulating power leaked from the cylindrical resonator. This condition is referred

to as the critical coupling [68].

For illustration purposes, Figure 19(b) shows the simulated transmission spectrum
of the tapered fiber (based on Eq. 2.11) coupled with a 20 pm diameter cylindrical
micro resonator at critical coupling by setting both the cavity’s internal loss

coefficient (o)) and the transmission loss coefficient (|t|) equal to 0.90.

b) Effective radius of the resonator and the FSR of its WGM spectrum
A simple approximation can be obtained for the FSR from the propagation constant
and neglecting the wavelength dependency of the refractive index [33, 34].

The light wave propagation constant is given by:
2
B(A) = — Ml (2.13)

Differentiate Eq. (2.5) with respect to 4,

B _ 2 2x Ny

oA FER )

op(1) 27 ON =27n
aT:‘?(”e“ )T 19
ONyg
Where, Ny =Ny BrYR A is the group refractive index

FSR of the resonator is given by the equation [33]:

-1 2 2
FSR = _2—”(%] S Pl 2.15)
L \aa L |2z, ) n,L
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Where L is the circumference of the resonator.

It should be noted that the group refractive index varies with the change of the
mode order. But for the lowest order modes this variation is small and can be
neglected [16]. When calculating the FSR we are only considering the fundamental

modes of the WGM spectrum, which have the lowest radial mode number. Hence

on

. eff ﬂ/ . . .
neglecting the E term from the expression for ng, an approximate expression

for the FSR is obtained as [33, 34]:

YL &
Ln, 27Rn,

FSR = (2.16)

Eq. (2.16) represents the main approximation that underpins the approach
presented in this paper. It assumes that the wavelength dependence of ney is
negligibly small and the variation of the FSR of a resonator depends only on the
micro-resonator radius.

As was shown in reference [70], Eq. (2.16) is not only useful for finding the
spectral spacing between the modes within the uniform diameter portion of the
resonator but can also be used for calculating the spectral spacing in the conical

portion of the tapered fiber transition region.

2.2.3 Experiments and discussion

a) Fabrication of tapered optical fibers

Light propagation inside a standard optical fiber with a diameter greater than the
propagating light wavelength is based on total internal reflection where the light is
trapped inside the core. When light hits the interface between the core and cladding
layers, a small amount of the light infiltrates the boundary as an evanescent field

that exponentially decays into the cladding region. The penetration depth of the
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evanescent field into the surrounding region is given by the relation [38]:

A
P 27z(n?sin? @—n?)Y?

(2.17)

Here /4 is the wavelength of incident light, n; and n: are the refractive indices of
the core and cladding respectively. ® is the incident angle measured from the
normal at the interface of the core and cladding. The reflected beam from the
interface is returned to the core with a phase shift along its axial propagation
direction.

When the diameter of a tapered optical fiber is greatly reduced, the original fiber
core dimensions are so small at the waist region that they are no longer significant.
In this case, an optical fiber can be considered as a cylindrical waveguide with a
homogeneous refractive index profile. In a thin (micron order) fiber taper light is
guided by the total internal reflection at the cladding-air interface (if the
surrounding medium is air). Thus, a significant portion of light propagates outside
of the microfiber. The presence of a large evanescent field outside of the tapered
portion of the fiber can be used for coupling the light into another fiber acting as
the WGM micro-resonator by placing both fibers in direct physical contact.

A typical optical fiber taper consists of a non-tapered portion followed by a fiber
taper transition region where the radius of the fiber decreases with distance. The
uniform thin portion after the transition region is known as the taper waist. This is
followed by a second fiber transition region of increasing diameter and ends with
another non-tapered region. The optical properties of the tapered micro-fibers
strongly depend on the geometry of both the transition and waist regions. If the
tapering process is carried out in such a way that the fiber diameter within its

transition region changes smoothly and can be adiabatically slow as a function of
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fiber length, the taper is considered adiabatic [39,40]. This condition ensures low
transmission loss and small inter-mode coupling. In our experiments, only
adiabatic tapers were studied.

The fiber tapers both for light coupling and as the microfibers under test, were
fabricated using the micro-heater brushing technique [71,72]. The technique
involved stripping the coating off a short length of a standard single mode optical
fiber (SMF 28, Corning), with core and cladding diameters of 8.3 and 125 yum
respectively, and its subsequent cleaning with isopropyl alcohol. The stripped and
cleaned fiber section was then fixed horizontally between two computer controlled
XYZ translational stages. A ceramic micro heater (CMH-7019, NTT-AT) was used
to heat the fiber up to approximately 1300°C, making the silica material soft
enough for tapering. A customized PC program allowed for the control of the
diameter, the length and the shape of the fabricated tapers. Figure 20 illustrates a

schematic diagram of the fiber tapering setup.

Figure 20. Schematic diagram of the micro-fiber fabrication setup using the microheater

brushing technique.
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b) Experimental set up for geometrical profiling of fabricated tapered optical
fibers
For geometrical profiling in our experiment a fiber taper under test was moved in
small steps, in a manner similar to the technique described in [12], perpendicularly
to a fixed “delivery” microfiber, the ends of which were connected to the optical
source (SLD, Thorlabs) and the optical spectrum analyzer (86142B, Agilent) as
shown in Figure 21. Both fibers were placed in physical contact at 90° to each
other so that the tapered fiber under test acted as a cylindrical WGM micro-

resonator.

The fabricated fibers tested in our experiments were set to be fabricated with
uniform taper waist diameters varying from ~10 to ~50 um. The delivery
microfiber had a waist diameter of circa ~1.3 um. This value of the taper waist
diameter was chosen as optimal to allow for an effective evanescent coupling

while providing sufficient mechanical stability during the experiments.

‘Direction of movement of
tapered fiber under test

~ SLD Polarization controller -
: ﬁ—'-'—? A s M—‘—— 77‘ : 3
" Rt Light Out —

Delivery micro-fiber (SMF-28)

Tapered fiber under test—s

Figure 21. Schematic of the experimental setup for whispering gallery mode spectroscopy.

Narrow WGM resonances are observed in the transmission spectrum of the
delivery microfiber with a maximum Q factor of ~2.55 x 10° (for a 125 um

fiber/cylinder).
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In the geometrical profiling experiment the transmission spectra of the light
through the delivery microfiber was recorded for multiple positions of the
“delivery” microfiber along the length of the taper under test with a step size of
0.5 mm along its axis. After each measurement, the fiber under test was lifted off
the delivery fiber by approximately 1 mm, moved along the “delivery” fiber and
placed in contact with it at the next point to take the subsequent measurement. This
approach reduces the distortion of both the delivery fiber and the fiber under test
and the possible damage from abrasion of the fiber surfaces. The FSR of the
measured transmission spectrum is a function of the effective diameter of the

tapered fiber under test (Eq. 2.16).

As an initial test, a recorded WGM spectrum for a micro-fiber cylindrical resonator
with a known nominal 35.5 pm diameter was measured. Figure 22 shows the
experimentally measured spectrum along with the theoretically calculated
spectrum using Eq. 2.11. The experimental and simulated FSRs are estimated as
14.37 nm and 14.63 nm respectively for the 35.5 pm diameter micro-fiber
resonator. Using Eq. (2.11) and assuming n;~1.4677 for the resonator from the
manufacturer’s data, the corresponding effective diameter of the fiber under test
from the experimental FSR is estimated as 36.28 um. For the theoretical plot in
Figure 22, the cavity loss and transmission loss are set as 0.9 and 0.86 respectively
allowing to achieve a close fit for transmission loss between the theoretical and

experimental spectra. The light circulation phase shift () was calculated from Eq.

(2.10).
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Figure 22. Experimental WGM spectrum of the delivery fiber and a simulated spectrum using

Eq. 2.11.

c) Geometrical profiling of optical fiber tapers

Before considering the experimental geometrical profiling results, it is worth
noting that the shape of a tapered fiber is important and the requirements to the
taper transition length, diameter of the uniform section and taper angle vary
depending on the applications. For example, in many applications the fiber taper
shape must be sufficiently gradual to satisfy the criterion for adiabaticity, so as to
ensure minimum loss of light for the fundamental mode [39]. In some applications
it is desirable for the transition region to be as short as possible, allowing the fiber
taper to be compact. The shape of a taper is also important in situations where the
taper is to be controllably deformed; for example, by bending, to fabricate
miniature devices. Special shape considerations may also apply if the taper is to
be used as a sensor. Many of the fiber tapering techniques developed to date allow

for fabrication of the fiber tapers with specific shapes.
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For the geometrical profiling experiments, two tapered fiber samples were used
with nominal minimum waist diameters determined by SEM of ~11.2 um (Taper
1) and 35.5 um (Taper 2) respectively. SEM measurements were undertaken using
a variable pressure FESEM (SU 6600) with a Schottky field emission electron gun
which enables excess of 200 nA probe current. The attainable SEM image
resolution is 1.2 nm/30 kV. Figure 23 shows the SEM images of the minimum

waist sections for the two tapered fiber samples.

SU6600 5.0kV x3.50k SE 10.0um

SU6600 5.0kV x900 SE 50.0um

Figure 23. SEM images of the uniform waist portions of the tapered optical fibers.
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Figure 24 shows the FSR and measured diameter versus position of the delivery
fiber for the two tapered fiber samples. The minimum waist diameters recorded

are estimated as 10.43 um and 36.28 um, taken at position zero in Figure 24.

Table 1 shows the comparison between different fiber diameter measurements
using WGM spectroscopy and SEM microscopy. The maximum error between the
two measurements methods is 0.77 um (6.8 %). The disparity between nominal
diameters (measured from a SEM image) and the experimentally measured
diameters may be due for example to inaccuracies in the SEM determined diameter
of the resonator under test or small variations in actual position of the delivery

tapered fiber and the tapered fiber under test.

It should be noted that profiling of the tapered fibers using WGM spectroscopy
allows one to easily obtain accurate information not just about the taper effective
diameter at a certain point but also to fully evaluate the shape of the taper along its
length and determine the lengths of the taper transition regions and the uniform
tapered portion. For example, from Figure 24 it can be determined that Taper 1 has
transition regions 11 mm long on the left-hand side and 10 mm long on the right-
hand side and that the uniform tapered portion is about 3.5 mm long. Taper 2 has
transition region lengths of 9.5 mm and 10 mm on the left and right-hand sides

respectively and the uniform tapered portion is about 2.5 mm long.
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Figure 24. Experimentally calculated FSR and diameter vs position of the delivery fiber for a
taper with a nominal waist diameter of 11.2 pm (Taper 1) and 35.5 um (Taper 2) measured by

WGM spectroscopy. Zero position corresponds to the center of the taper.
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Table 1. Comparison of measured fiber diameter using WGMs and SEM microscopic methods

Diameter (um) from Diameter (um) from Error (um)
WGM Spectroscopy SEM microscopy (a)-(b)
(a) (b)
48.66 48.4 0.26 (0.54 %)
45.51 45.6 0.09 (0.2 %)
38.52 38.8 0.28 (0.72 %)
36.26 35.5 0.76 (2.1 %)
10.43 11.2 0.77 (6.8 %)

d) Application of the WGM spectroscopy to studies of taper symmetry

In an ideal case, a fiber taper is formed symmetrically. This means that the ends of
the taper are pulled apart at equal and opposite speeds relative to the center of the
heat source so that the two transition regions are identical. In practice however
various factors, such as misalignments within the tapering setup, vibration or
temperature fluctuations within the heating zone of the source may result in uneven
conditions at the opposite sides of the taper and lead to asymmetries of the fiber
taper shape. One important parameter in the model of the fiber tapering process
developed in [39] is the constant which determines the relative rates of the hot-
zone change and taper elongation ¥2 the value of ¥ must satisfy the condition ¥<
1 and it determines the length of the uniform waist region along with the shape of

the transition regions.

To provide a set of non-ideal tapers for test purposes, a fabrication configuration
was used that was known to produce increasingly asymmetrical tapers for larger
¥ values, due to mechanical limitations caused by vibration. This setup, although

flawed in principle, was deliberately used to fabricate non-ideal tapers for testing

% In the original reference paper (Ref [38]), the constant which determines the relative rates of the
hot-zone change and taper elongation is represented by ‘a’. To avoid the possibility of confusion
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of the WGM spectroscopy method presented here. Figure 25(a) illustrates the
experimental WGM spectroscopic profiles of a highly asymmetric taper (Taper-3)
fabricated using the above mentioned setup. Figure 25(b) shows the comparison

of the fabricated asymmetric taper with a symmetric taper, in this case Taper-2.
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Figure 25. (a) FSR and experimental diameter vs position of the delivery fiber for an
asymmetrical taper with a minimum waist region effective diameter ~ 41 pm. The
experimental diameter is calculated by the WGM spectroscopy method. (b) Comparison of

two experimental profiles for tapered optical fibers drawn under different conditions.
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Both fiber tapers were fabricated using the same fabrication unit with different
configurations. The symmetrical Taper-2 is fabricated by setting the ¥ parameter
to zero (¥ = 0). Since Taper-2 has the smaller ¥ value, it is expected to be close to
symmetrical. Thus, the two transition regions should have almost the same length.
Taper-3 is fabricated by setting ¥to 1 and because of the larger ¥ value is expected
to have a more asymmetrical profile. The estimated minimum waist diameters are
~36.26 pum as before for Taper-2, and ~41.7 um for Taper-3. From inspection of
Figure 25(b) the waist region of Taper-3 is much less uniform and it is clear the

left and right hand-side transition regions have very different lengths.

In order to systematically examine the measured asymmetry, a detailed comparison

of the symmetric (Taper-2) and asymmetric taper (Taper-3) profiles is shown in

Figure 26.
120 b T v T v T \ T ¥ T ¥ T
110}
E 100}
s |
3 9}
2 L
o 80
U .
I
- 70 |- g
()] L o p
E eo} wmt = Taper2(R.H.S) A
g A ‘30 O Taper 2 (L. H.S) !
o5 50 | a8 A Taper 3 (L.H.S) S
v Taper 3 (R.H. S) ;
40 4
" [ i L " L 4 1 i 1 " L
0 5 10 15 20 25 30

Distance from the center of taper waist region (mm)

Figure 26. Comparison of variation in left and right-hand side transition regions of a

symmetrical and an asymmetrical fiber taper.

Here the horizontal axis represents the distance from the center of the uniform
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waist region towards left and right-hand side transition regions of the fiber tapers.
The vertical axis illustrates the corresponding experimental diameter of the tapered
region. From Figure 26, the profiles for the left and right-hand sides of Taper-2
almost overlap, indicating a high degree of symmetry. Taper-3 on the other hand
is highly asymmetrical. Both the left and right-hand side transition regions are at
maximum 7 mm apart with respect to the center of the uniform waist. The lengths

of the transition regions are 12.5 mm and 9.5 mm.

The proposed method of diameter profiling requires accurate calculation of an FSR
of the WGM spectrum within the wavelength range determined by the bandwidth
of the broadband source used in the experiment. For the calculation of the
spectrum’s FSR, at least two WGM resonances must be observable in the given
wavelength range, and since the FSR of a WGM spectrum is inversely proportional
to the microresonator’s diameter, the minimal measurable diameter is limited by
the bandwidth of the optical source. In our experiment the broadband
superluminescent diode source had a bandwidth of 1500-1600 nm, resulting in a

minimal measurable diameter of the cylindrical microresonator of 6 pm.

2.2.4 Conclusions

In conclusion, we have experimentally demonstrated a method for geometrical
profiling of thin microfiber tapers with waist diameters ranging from ~10 to
~50 pm with submicron accuracy. The method is based on the analysis of WGM
resonances excited in cylindrical fiber resonators as a result of evanescent coupling
of light propagating through the fiber taper under test. Tapered fibers with different
shapes were fabricated deliberately to demonstrate the capabilities of the proposed
method. It has been demonstrated that the proposed method allows for

investigation of the tapers’ symmetry and the length of the uniform waist region.
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Measurement results have been verified by SEM microscopy with a maximum
error of 0.77 um. The proposed method can be applied in fabrication of fiber micro
tapers as the means of accurate feedback of the taper diameter as a less expensive
alternative with similar accuracy to microscopic measurements. It can also be used
to detect flaws in a taper fabrication setup. Finally, the method could also be
potentially applied to sensing of biochemical species on the surface of the
microfiber, where the effective diameter and refractive index of the resonator fiber

can be increased due to adsorption of biochemical species on the fiber surface.
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Chapter 3

WGMs of polymer cylindrical
microresonators for strain tunable devices

and strain sensors

As discussed in Chapter 1, the exceptional sensitivity of the WGM spectrum to the
diameter of the cylindrical micro-resonator and its refractive index can be utilized
for strain sensing and strain-induced tuning of WGM resonances. It should be
noted however that due to their relatively high elastic modules, traditional silica
fiber based microcylinders have limited sensitivity to strain or force. This chapter
explores the use of polymer fibers and polymer wires with smaller elastic modulus
as a basis for microcylindrical WGM resonators that can provide higher sensitivity
to strain and wider tuning range in the above applications.

This chapter also aims to address one of the main objectives of the thesis by
proposing a novel robust packaging method for practical WGM sensors and
tunable devices, based on cylindrical fiber micro-resonators and investigating the
influence of the packaging on the devices’ performance. The mechanical stability
of the packaging has been confirmed by vibration tests using a vertical vibration
generator. The influence of the ambient temperature on the performance of the
packaged device has also been investigated and its temperature cross-sensitivity is
estimated. The proposed novel polymer wire based packaged strain sensor/tunable

device possesses several desirable features such as ease of fabrication, small
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footprint, and large dynamic range of strains.

3.1 Strain induced spectral tuning of the whispering
gallery modes in a cylindrical micro-resonator

formed by a polymer optical fiber?

Abstract: A mechanical strain assisted technique for spectral tuning of whispering
gallery modes (WGM) in a cylindrical micro-resonator formed by a polymer
optical fiber (POF) is investigated. WGMs in the POF based micro-cylinder are
excited by evanescent light coupling using a tapered single mode silica fiber.
WGMs observed in the transmission spectrum of the silica fiber taper have a high
extinction ratio of up to 19 dB and a Q-factor of up to 2.64 x 10*. The application
of tensile axial strain (pe) in the range from 0 to 1746 pe (0.17 %) to the POF
micro-resonator results in a linear shift of the WGM spectrum with a sensitivity of
0.66 pm/pe. Under the influence of the applied strain the WGMs undergo a blue
shift and return to their initial spectral positions after the strain is decreased. The
proposed strain-tunable POF micro-resonator has potential applications in fiber
optic sensing and tunable micro lasers.

OCIScodes: (140.3945) Microcavities; (140.3948) Microcavity devices;

(060.2370) Fiber optics sensors; (250.5460) Polymerwaveguides.

4V. Kavungal, A. K. Mallik, G. Farrell, Q. Wu, and Y. Semenova, "Strain-induced spectral
tuning of the whispering gallery modes in a cylindrical micro-resonator formed by a polymer
optical fiber" Applied Optics. 56, 1339-1345 (2017).
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3.1.1 Introduction

Whispering gallery mode (WGM) micro-resonators (MRs) are attractive photonic
devices due to their small mode field volume, narrow spectral linewidths and high
Q-factors [1-3]. Such MRs have found applications in numerous fields, including
studies of nonlinear optical effects [4], in quantum electrodynamics [5] and for low
threshold miniature scale lasers [6]. One of the most promising applications of
WGM MRs is in the area of optical sensing [3,7,8], where such resonators exhibit
a higher sensitivity than their macro-fiber counterparts. WGMs can be supported
by a variety of resonator geometries, such as spheres [9], spheroids [10],
disks [11], rings [7] and cylinders [12]. The choice of the specific resonator for a
given application is typically impacted by the three main considerations such as
the maximum achievable Q-factor, simplicity of fabrication and ease of
interconnection [13].

For cylindrical resonators based on a section of optical fiber there are a number of
potential advantages that make such resonators worth exploring: (1) a very simple
fabrication process since optical fibers are highly uniform in diameter, allowing
large numbers of identical resonators to be fabricated and providing a high degree
of repeatability; (2) optical fibers can be easily manipulated and mounted, and (3)
the alignment for optimal coupling of the excitation light into the fiber MR has on
only one angular degree of freedom, as opposed to two for experiments involving
microspheres [14]. As a result, the optical setup for the cylindrical fiber-based
microresonator experiments is more straightforward.

Spectral positions of WGM resonances can be tuned by various external stimuli.
Numerous reports demonstrate tuning WGM resonant wavelengths of spherical

MRs by changing surrounding refractive index [15], applying mechanical strain to
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the resonator [16], changing internal pressure [17], applying external electric
field [18], efc. Self-tuning of WGM resonances has been demonstrated for a
standalone silica microsphere by changing its temperature under the influence of
the gas flow surrounding the resonator [19]. In a cylindrical MR tuning of WGM
resonances using mechanical strain was demonstrated for the first time by A. L.
Huston et al. [20]. In this work the morphology dependent resonance properties
were studied in the elastic scattering spectra of a 1 mm long section of a 125 um
diameter single mode silica optical fiber.

Due to their relatively high elastic modules, silica WGM resonators-based sensors
have limited sensitivity to strain or force. Measurement sensitivity can be
improved by using dielectric materials with smaller elastic modulus, such as
polymers. For example, loppolo et al. [21-24] have demonstrated that solid, as
well as hollow Polymethyl-methacrylate (PMMA) microspheres have higher strain
sensitivity compared to that made of silica.

More recently tuning of WGM lasing modes in a polymer optical fiber (POF)
based resonator under tensile strain was reported in [25]. The experiment was
carried out by scattering of focused laser beams on a section of Rhodamine B
doped POF. The spectral shift of WGMs excited in a photonic crystal fiber MR
infiltrated with magnetic fluid under the influence of external magnetic fields is
investigated in [26] and laser assisted tuning method for WGMs in a cylindrical
MR based on magnetic-fluids infiltrated microstructured optical fibers is reported
in [27]. This paper presents the findings of a comprehensive investigation of
mechanical strain tuning of WGMs for a POF based cylindrical micro resonator.
Cross-coupling takes place between the evanescent fields of the guided modes

from a tapered single mode silica optical fiber in close physical contact with a
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micro-cylinder with an outer diameter of 490 um. The transmission spectrum of
the silica taper coupled to the POF MR shows very high extinction ratio dips
corresponding to the WGM eigenmodes. Spectral tuning of the WGM dips is
investigated under the influence of increasing and decreasing axial tensile strain
applied to the POF micro-cylinder. The influence of the input light polarization on
the WGMs tuning is also studied by carrying out the experiments for different
input light polarization states.

The proposed POF cylindrical micro-resonator possesses several desirable features
such as highly sensitive strain assisted tunability, high linear strain dependence and
ease of fabrication, which make it a good candidate for applications in optical fiber

sensing and for tunable micro-fiber lasing.
3.1.2 Experimental arrangements

The experimental setup for studies of the influence of strain on the WGMs excited
in the cylindrical MR is shown schematically in Figure 27. The cylindrical MR
was formed by a section of a 49045 um (outer diameter) graded index POF
(GIPOF 50, Thorlabs). The evanescent light coupling to the micro cylinder was
achieved by a full fiber taper placed in close contact with the POF micro-
cylinder [28]. The optical fiber tapering is undertaken using the micro heater
brushing technique [29]. The fabricated fiber taper has a waist diameter of circa
1.3 um. The input end of the fiber taper was connected to a super luminescent
diode (SLD) (Thorlabs), with a wavelength range of 1500-1600 nm. Light from
the SLD was passed through a three-paddle manual polarization controller and the
output of the fiber taper was connected to the Optical Spectrum Analyzer (OSA)

(86142B, Agilent).
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As illustrated in Figure 27, in order to apply the strain to the resonator, one end of
the POF micro-cylinder was immobilized with a fiber holder and the other end was
attached to the micro translation stage with a resolution of 10 um. The length
between the two fixed points is considered as the sensing length. Here the sensing
length of the POF MR was set to 63 mm for ease of mounting. The strain is applied
to the POF micro-cylinder by moving the translation stage with a step size of 10
um (corresponding to an applied tensile strain step of 159 pe (0.016 %)) in a

direction away from the fixed end.

POF as the

cylindrical resonator y //
) ’
D,
,J'i,,g

Polarization

S(,.
controller S

Figure 27. Schematic diagram of the experimental setup for studies of the tunability of WGMs

in the POF resonator under the influence of applied strain.

During each experiment, the polarization state of the input light was controlled by
the three-paddle polarization controller (FPCO030, Thorlabs). For investigation of
the effect of the input light polarization on the WGMs tuning properties, we
compare our results for three different linear polarization states, as described later
in the paper. During each measurement of the shift of the WGM spectrum with
respect to the applied strain, the input polarization state was fixed. All the

measurements were carried out at a constant laboratory temperature (20 °C).
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3.1.3 The effect of strain on the WGM resonance wavelength

Figure 28(a) shows the whispering gallery mode spectrum of the unstrained POF

micro-cylinder with a diameter of 490 um.
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Figure 28. (a) Whispering gallery modes spectrum generated by the POF MR, (b) Lorentzian
fittings of the spectral dips pl. The dip has the central wavelength at 1500.71 nm, and its

FWHM and the corresponding Q-factor are 0.072 nm and 2.09 x 10* respectively.

Three WGM resonance dips are observed within the selected 3.6 nm-wide
wavelength band. The full widths at half maxima (FWHMs) of the observed

resonance dips are measured and their Q factors are calculated using the equation
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O= A/AZ, where A is the resonance wavelength and A/ is the corresponding
FWHM. All the Q-factors of the resonance dips in the selected range are
approximately equal to 2 x 10*. For example, Figure 28(b) shows the Lorentz fit
of a selected resonance dip (pl). The dip has the central wavelength at 1500.71
nm, and its FWHM and the corresponding Q-factor are 0.072 nm and 2.09 x 10*
respectively. The extinction ratios of all the three resonant dips are larger than 18
dB. The average free spectral range associated with the resonant pattern in the
specified wavelength range is 1.07 nm.

We experimentally investigated the strain tuning of the POF based micro-resonator
using the experimental setup schematically illustrated in Figure 27. Figure 29
shows the evolution of the WGM spectrum of the POF MR as the axial strain is

increased from zero to 1746 pe and then decreased back to zero.
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Figure 29. Evolution of the tapered fiber transmission spectrum under the influence of the
increasing axial strain, followed by the strain decrease back to the unstrained position. For
illustrative purposes each consecutive spectrum is plotted with an artificial offset of 30 dB

compared to the prior spectrum. The arrows indicate the resonant wavelength shift direction.
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As the axial strain increases, the resonant dips exhibit a linear blue shift. When the
applied tensile strain is decreased back to zero, the resonance dips linearly red-
shift back to their initial positions, which indicates a good reversibility of the
proposed WGM tuning approach.

Before considering the wavelength tuning in more detail, it is useful to analyze the
expected tuning effect of strain. For this a simple model to predict the tuning of
the WGM resonances was developed, based on the two primary assumptions as
follows. The first one is the fact that the micro-resonator diameter can be related
to the value of the applied axial tensile strain. The second assumption is that there
is a measurable change in the refractive index brought about by the different
mechanical stress and strain components within the resonator material. Taken
together the fractional change in the wavelength of the WGMs is [21-25, 30-33]:

AL_AD_ An
A D n

(3.1)

Where AD/D is the fractional change in the MR diameter (D) due to the
deformation of the micro-cavity and An/n is the fractional change in the refractive
index (n) due to the induced stress. The transverse deformation (AD/D) of the
micro-cavity can be related to the axially applied tensile strain (AL/L) by Poisson
ratio (). The Poisson ratio is the ratio of the lateral contraction strain (AD/D) to

the axial tensile strain (AL/L).

AD/D
o=——
AL/L

5= (3.2)
Changes in the fiber dimensions result in changes in the material density with the

corresponding induced changes in its refractive index (An). Thus, changes in the

refractive index can be expressed as
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An=nP, A—LL (3.3)

Where Py is the effective strain-optic coefficient [25, 32]. Subsequently the WGM

resonance wavelength shift can be expressed as

M:_EGAH P, ALJ (3.4)
L L

Here the negative sign shows that the axial tensile strain applied to the POF micro-
resonator will result in a blue shift of the WGM resonance. The Poisson ratio and
the effective strain-optic coefficient of PMMA are 0.35-0.45 and 0.099 (£0.0009)
respectively [20,25,32,34]. By assuming Poisson's ratio (o) of the POF is 0.35,
theoretical calculation based on Eq. (3.4) shows that the sensitivity of WGM
resonance wavelength shift with respect to increasing and decreasing tensile strain
is 0.68 pm/pe.

Figures 30(a) and (b) correspond to the resonance dips p2 and p3 respectively (as
depicted in Figure 29). Here the black dots are the measured data and the solid red
line is the linear fit. It is clear that all of the resonance dips move towards the
shorter wavelengths in a linear fashion with a good sensitivity to the applied axial
tensile strain. For each 10 um axial elongation (corresponding to a tensile strain of
159 pe (0.016 %)) it is found that the WGMs shift by 0.11 nm on average. Here
the second dip of the WGM spectrum, p2, shifts from 1501.77 nm to 1500.605 nm
and the third dip, p3, shifts from 1502.84 nm to 1501.66 nm in response to a 110
um elongation (corresponding to the applied strain of 1746 pe (0.17 %)). Linear
fitting of the wavelength response data indicates that the linear regression
coefficient is greater than 0.99 for both p2 and p3 dips. It could be also seen that
the tuning sensitivities of these WGMs are equal to 0.64 pm/pe and 0.66 pm/ue for

p2 and p3 dips respectively which is in close agreement with the theoretically
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calculated sensitivity of 0.68 pm/pe.

The wavelength tuning of the WGM of the POF MR by applying axial tensile strain

is also found to be reversible. Figure 31 shows the return of the shifted spectra to

their initial positions with the decrease of the applied axial tensile strain.
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Figure 30. Wavelength shift of the selected WGM resonances as a function of increasing axial

strain: (a) dip p2 and (b) dip p3 (as depicted in Fig. 29). The measured wavelength shift (scatter

data) is linearly fitted (solid line). Linear fitting of the wavelength response data indicates that

the linear regression coefficient is greater than 0.99 for both p2 and p3 dips. The slopes of the

linear dependencies are -0.64 pm/pe for p2 and -66 pm/pue for p3 respectively.
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Figures 31(a) and (b) illustrate the wavelength shift corresponding to the decrease
of the applied axial tensile strain for the WGM resonant dips p2 and p3
respectively. Here the black dots are the experimentally measured data and the

solid red line is the linear fit.
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Figure 31. Wavelength shifts of the selected WGM resonances as a function of decreasing
axial strain: (a) dip p2 and (b) dip p3. The measured wavelength shift (scatter data) is linearly
fitted (solid line). Linear fitting of the wavelength response data indicates that the linear
regression coefficient is greater than 0.99 for both p2 and p3 dips. The slopes of the linear

dependences are 0.63 pm/pe for p2 and 0.64 pm/pe for p3 respectively.
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Here the linear regression coefficient is greater than 0.99 for both p2 and p3 dips.
The negative values of the X-axis illustrate the gradual decrease of the applied
axial tensile strain from its maximum value to the initial unstrained state. It is clear
that all of the resonance dips move towards the longer wavelengths (initial
position) in a linear fashion. For each 10 um translation (corresponding to the
decrease in the applied strain by 159 pe (0.016 %)) in the axial direction, it is found
that the WGMs experience an average red shift of 0.11 nm. That means that the
spectral shifts of the WGMs are similar in both cases: with the increase and
decrease of the applied axial tensile strain. Here the second dip of the WGM
spectrum, p2, shifts from 1500.60 nm to 1501.76 nm and the third dip, p3, shifts
from 1501.66 nm to 1502.81 nm over the range of strains from the maximum value
of 1746 pe (0.17 %) to zero. The strain sensitivity of dip p2 is 0.63 pm/pe and that
of p3 is 0.64 pm/pue, both in close agreement with the theoretical slope of 0.68
pm/pe.

Detailed studies of hysteresis of the WGMs tuning with the applied strain and the
outcomes are presented in Figure 32. Figure 32(a) and (b) show the WGMs
resonance wavelengths of p2 and p3 during the full measurement cycle, including
the increase in the applied axial tensile strain and its subsequent complete decrease.
Here the black arrows indicate the direction of the WGMs shift during the increase
of the applied axial tensile strain and the red arrows show the direction of the
spectral shifts during the strain decrease. The inset graphs in Figure 32(a) and (b)
illustrate the differences in the WGM dip wavelengths corresponding to the same
strain values applied axially during the strain increase (A (S.I)) and strain decrease
(A (S.D)) cycles. The maximum dip wavelength difference between the increase

and decrease cycles of the applied axial strain is estimated as 90 pm.
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Figure 32. Selected WGM resonances during the strain increase (S. I) (black) and strain
decrease (S. D) (red) cycles: (a) dip p2 and (b) dip p3. Inset figures show the discrepancies in

WGM wavelengths during the increase and decrease cycles.

Such small discrepancies between the WGM wavelengths when increasing and
decreasing the strain could be explained by the non-uniform deformations

experienced by the POF micro-cylinder during elastic deformation [25].
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3.1.4 Polarization effects

In order to investigate the impact of the input light polarization and to demonstrate
the repeatability of the results presented in the previous section, we carried out the

experiments above for different input light polarizations.

As shown previously in Figure 27, the polarization of the light at the input end of
the fiber taper is controlled by the three-paddle polarization controller (FPC030,
Thorlabs). The working principle of FPC030 is based on the stress-induced
birefringence within single mode fiber (SMF 28) created through bending and
twisting of the fiber.

The quarter wave plate in the polarization controller transforms the input
polarization state into a linear polarization state. The linearly polarized light can
then be rotated to a desired angle with respect to the initial state using the middle
half wave plate paddle of the polarization controller. The twisting regions of the
fiber due to rotating the paddle by an angle 't' will rotate the polarization by an

angle
0 =ar (3.5)
where a = -N?pa4 [35]. Here pag4 is the elasto-optic coefficient of the fiber and n

is the refractive index of the core. The elasto-optic coefficient of fused silica is

P11—Piy

5 , Where numerical values of p11 and pi2 respectively

given by Pas=
given by 0.121 and 0.270 [36].

For the experiments the input polarization state was set as follows: the three
paddles had initial vertical positions and then the middle half wave fiber paddle

was rotated through its full travel range while the other two quarter wave fiber
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paddles remained in their starting, vertical positions. The strain tunability
experiments using POF MR were repeated for three more linearly polarized input
states by rotating 0°, 45° and 90° angle of the central half wave plate of the
polarization controller from its initial vertical position. The corresponding rotation

of polarization from the initial position is calculated by Eq. (3.5) as 0°, 7.22°, and

14.44° respectively.

For comparison, Figure 33 shows the WGM resonance spectra excited by a 490

um diameter POF MR with the 0° 7.22° and 14.44° angles of the input light

polarization.
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Figure 33. WGM resonant spectra from the POF MR with different input light polarizations.

The Q-factors of the resonance dips are of the same order of magnitude in each of
the cases (~10%). The maximum extinction ratio of the resonances reaches up to 19
dB. The average free spectral range of the resonances is 1.07 nm. With the changes

in the input light polarization, WGM spectra show small differences in the dip
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amplitudes and shapes but no significant influence was observed on the tunability

of the WGMs spectrum.

Strain sensitivity during the increasing and decreasing cycles of the axial tensile
strain shows small differences arising from polarization state changes, possibly
because of the non-uniform deformation experienced by the strained POF MR.
Figure 34(a), (b), and (c) show the selected WGM resonance wavelengths during
increasing and decreasing cycles of the axial tensile strain for different input
polarization orientations. Figure 34(d) shows the corresponding strain sensitivity

of the POF MR undergoing increasing and decreasing strain cycles.
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Figure 34. Selected WGM resonances during the strain increase (black) and strain decrease
(red) cycles with different input light polarization. Here linearly polarized input light is rotated
by angle (a) 0°, (b) 7.22°, and (c) 14.44° respectively. (d) Sensitivity of the increase and

decrease cycles of the axial tensile strain.
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3.1.5 Conclusions

In conclusion, we investigated the effect of mechanical strain tuning of the
whispering gallery mode resonances excited in a POF cylindrical micro resonator.
The light was evanescently coupled into the micro-cylinder from a standard single
mode silica optical fiber taper fabricated by the micro heater brushing technique.
WGMs observed in the fiber taper’s transmission spectrum had a high extinction
ratio of up to 19dB and a Q-factor of up to 2 x 10*. We experimentally
demonstrated that spectral positions of the WGM resonances shift linearly during
the increase and decrease of the axial tensile strain applied to the micro-cylinder
in the range of strains from 0 to 1746 pe (0.17 %). The WGMs move toward shorter
wavelengths with the increase of the applied strain and return to their initial
positions when the strain is decreased. Tuning of the WGMs is observed
independently of the input light polarization. The WGMs resonance strain
sensitivity reaches 0.66 pm/pe. We developed a simple analytical model describing
the tuning effect. Strain sensitivity during increasing and decreasing cycles of axial
tensile strain shows small differences, possibly due to non-uniform deformation
experienced by the strained POF MR. The proposed POF based strain tunable
micro resonator possesses several desirable features such as ease of fabrication and
modification of the resonator surface for potential applications in fiber optic

sensing and tunable micro lasing.
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3.2 A packaged whispering gallery mode strain sensor
based on a polymer-wire cylindrical micro

resonator®

Abstract: We propose a whispering gallery mode (WGM) strain sensor formed by
a polymer-wire cylindrical micro resonator for strain measurement applications.
WGMs are generated by evanescently coupling light into the polymer-wire
resonator from a silica fiber taper fabricated by the micro heater brushing
technique. Accurate and repeatable measurements of a strains up to one free
spectral range (FSR) shift of the WGMs (corresponding to 0.33 % of the polymer-
wire elongation, 3250 pe) are demonstrated experimentally with the proposed
sensor. Practical packaging method for the proposed strain sensor on a glass
microscope slide has also been realized making the sensor portable and easy to
handle. The robustness of the packaged coupling system is confirmed by vibration
tests. The performance of the packaged strain sensor is evaluated and compared
with that for an unpackaged sensor.

Keywords: Whispering gallery modes; Optical fiber sensors; Optoelectronic and
photonic sensors; Mechanical sensors; Microsensors; Force sensors; Cavity

resonators; Resonator filters; Optical tuning.
3.2.1 Introduction

Strain is a measure of the deformation of an object when subject to an applied

V. Kavungal, G. Farrell, Q. Wu, A. K. Mallik, and Y. Semenova, “A packaged whispering
gallery mode strain sensor based on a polymer-wire cylindrical micro resonator,” Journal of
Lightwave Technology, 36, 1757-1765 (2018).
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force. Specifically, it is the fractional change in dimension (length, width, or
height) when subject to a force along that dimension. In a traditional strain gauge,
stretching causes a change in the resistance of the metal grid whose value can be
related to the value of applied strain. The operation of optical fiber strain sensors
is based on measurements of light transmission or wavelength shift resulting from
changes in the shape as well as the optical properties of the fiber materials due to
the applied strain. The unique advantages of optical fiber strain sensors are high
signal-to-noise ratio, light weight, small size, ease of installation, and immunity to
electromagnetic interference. Optical fiber strain sensors are intrinsically passive
and can be safely utilised in high voltage and potentially explosive
environments [37].

However, silica fiber based strain sensors have a limited sensitivity and possess a
tensile strain range only up to 4000 pe (limited by the breakage strain threshold
corresponding to 0.4% fiber elongation) [38,39] because of the relatively high
elastic modulus of silica. Strain sensitivity can be improved by using fiber
materials with a smaller elastic modulus such as polymers. Furthermore, flexibility
and deformability of the polymer materials makes them capable of surviving larger
applied strains without breakage compared to silica. There are many reports on
fiber optic strain sensors employing single mode and multimode polymer optical
fibers (POFs) as strain sensors including FBGs written in conventional and micro-
structured POF [38,40]. A POF multimode interference sensor has also been
reported [32]. It should be noted however, that the polymer sensor types above
require substantial effort in terms of fabrication and cost (for example FBG

writing, photomasks, fiber hetero-structure fabrication, depending on the sensor

type).
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For over a decade whispering gallery mode (WGM) optical micro-resonators
(MRs) have received a lot of attention for application as various forms of sensor
because of their high-quality factors and low mode volume [41,42]. There are
many reports concerning WGM strain sensing using spherical [16,21-24,30,33] as
well as bubble [17,43] MRs based on silica and polymer materials. Typically, an
evanescent light coupling technique is used to excite the WGMSs in such MRs. This
involves placing the MR in physical contact with a thin and often fragile fiber
taper. The practical application of such spherical or bubble-shaped MRs for strain
sensing is limited due to the need to maintain the precise alignment between the
resonator and the fiber taper for optimal and stable coupling, independent of
external vibrations. Practical applications are also hindered by the absence of a
suitable packaging technique which would allow the sensor to reliably sense strain
whilst maintaining long term alignment of the sensor elements. One approach to
reducing the difficulty of maintaining alignment accuracy is to utilise MRs with a
cylindrical shape, since such an MR-taper structure has only one degree of freedom

compared to two degrees of freedom for the case of spherical symmetry [14].

Recently we reported a study of a strain-induced spectral tunability of WGMs
excited in a coating-stripped POF cylindrical MR [44], fabricated from a short
section of commercially available POF with the outer diameter of 490 um. That
study demonstrated that such resonators are potentially very suitable as highly
sensitive strain sensors due to the good stability and repeatability of their
performance and also due to the excellent elastic properties of the polymer

materials, leading to a large dynamic range for strain sensing.

In this paper, we report the development and experimental demonstration of a

practical packaged strain sensor based on the strain tunability of WMGs in a
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polymer cylindrical resonator. To avail of greater flexibility in terms of cylindrical
MR sizes, in this work we replaced a commercial POF (available only in a few
standard diameters) with a laboratory drown wire made from a polymethyl-
methacrylate (PMMA) rod as a cylindrical MR for strain sensing. It should be
noted, that fabrication of such a wire is significantly simpler in comparison with
the commercial POF drawing process, since the MR does not require formation of
the fiber core. Similar to the previous work [44], the WGMs in the MR were
evanescently excited using a tapered silica optical fiber. In the following sections
of this paper, we present the results of the characterization of the strain sensor
performance. Furthermore, the packaging of the proposed sensor is demonstrated
based on a glass slide acting as a substrate, which results in a portable and easy to
handle sensor. The entire proposed packaging process is also simple and takes less
than 10 minutes to complete. After the packaging, the robustness of the strain
sensing micro-resonator and tapered fiber coupling system is confirmed by
vibration tests. To the best of our knowledge this work is a first comprehensive
demonstration of a packaged WGM cylindrical strain sensor formed by a polymer
wire cylindrical micro resonator packaged on a glass substrate. Our proposed
method offers higher strain sensitivity compared to similar sensors based on silica
fibers, and in addition offers higher mechanical stability (compared with spherical,
bottle, and bubble microresonators) making it a suitable candidate for strain/stress
and displacement sensing, especially in applications where a small sensor footprint

IS required.

3.2.2 Sensing principle, operation and fabrication
The operating principle of the sensor is based on the measurement of the spectral

shift of WGM resonances excited in the cylindrical MR as a result of changes in
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its diameter due to the applied axial strain or stress. The resonance condition for
the light circulating within the MR is fulfilled if the light wave reaches the point
of its origin with the same phase after traveling one full circle of the resonator. The
resonant wavelengths for which the resonance condition is satisfied are “trapped”
within the resonator resulting in the appearance of the spectral dips in the
transmission spectrum of the coupled fiber taper. Typically, WGM resonances
excited in a fiber cylindrical MR have Q-factors in the order of ~ 10*. Under the
influence of the axial strain or stress applied to the MR, both its diameter and the
effective refractive index of its material change, resulting in a spectral shift of the

WGM resonances.

In our experiment, we used a short section of a polymer wire as the strain sensing
MR. The polymer wire was fabricated by heating and stretching of a polymethyl

methacrylate (PMMA\) rod to a diameter of 230 um at a temperature of 180°C.

For the fabrication of the tapered fiber, a short length of a coating-stripped standard
single mode telecommunication optical fiber (SMF 28, Coring) with core and
cladding diameters of 8.3 um, and 125 um respectively was stripped of its coating
and cleaned with isopropyl alcohol. The coating-stripped section then was fixed
horizontally between two computer controlled XYZ translational stages. The
tapered fiber was then fabricated by means of the customized micro-heater
brushing technique described in [2]. A ceramic micro heater (CMH-7019, NTT-
AT) was used to heat the fiber up to approximately 1300°C, making the silica
material soft enough for tapering. A customized PC program allowed for an
accurate control of the diameter, the length, and the shape of the fabricated tapers.
In our experiment the fabricated tapered fiber waist diameter is approximately 1.3

um, the waist length is around 6 mm and the full taper length is circa 50 mm.
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A 40 mm length of the polymer wire resonator was fixed with one of its ends
clamped to a holder and the other end connected to a micro-translation stage with
10 um movement resolution. Broadband light from a super luminescent diode
(SLD) was launched into the fabricated tapered single mode silica optical fiber,
which was placed in contact with the polymer MR similarly to the setup described
in [44], and the resulting WGM spectrum was recorded at the output of the taper

using an optical spectrum analyzer (OSA) with a 10 pm spectral resolution.

Figure 35(a) & (b) show the transmission spectrum of the tapered fiber of waist
diameter 1.3 pum coupled with a cylindrical polymer wire resonator with the
diameter of 230 um. Periodic narrow resonance peaks with a quality factor of circa
~ 10% and average free spectral range (FSR) of 2.35 nm are observed in the
wavelength range from 1500 to 1520 nm. The maximum extinction ratio for the
resonant dips reaches 23 dB. The relatively high transmission loss of the spectrum
is due to the high optical absorption by the polymer material in the infrared region,
coupling losses, scattering losses on residual surface inhomogeneities, losses
introduced by surface contaminants and the slight microbend loss arising in the
thin microfiber due to its contact with a relatively thicker cylindrical

resonator [2,45].

To characterize the strain sensing performance of the setup, strain was applied to
the polymer wire resonator axially by moving the translation stage with a step of
10 um (corresponding to an axial strain of 250 pe (0.03% fiber elongation)) in a
direction away from the fixed end. During each measurement of the shift of the
WGM spectrum with respect to the applied strain, the input polarization state was
remained unchanged. All the measurements were carried out at a constant
laboratory temperature (20 °C).
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Figure 35. (a) Transmission spectrum of tapered fiber coupled with a 230 um diameter

cylindrical polymer wire resonator. (b) Selected single resonance dip along with the Lorentzian

fit.

Figure 36 illustrates the effect of axial strain on the selected WGM dip (1518.2 nm
at zero strain) in the transmission spectrum. As the axial strain increases from zero
to 3250 pe (0.33% polymer-wire elongation), the resonant dip exhibits a
progressively larger blue shift close to the FSR range (2.33 nm). As can be seen

from the figure, the selected WGM resonance shifts towards shorter wavelengths
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with the increase of applied strain. It should be noted that at high tensile strains (>
1250 pe), additional side-lobes appear in the selected WGM spectra, possibly due
to strain-induced deformations and deviation of the resonator from its cylindrical

shape [46].

A 40-mm long polymer-wire used in the experiment is capable of sustaining an
axial elongation of 3 to 3.5 mm (corresponding tensile strain is 7.5 — 8.8 x 10* pe).
In the polymer-wire resonator-tapered fiber coupling arrangement, a 6% of its axial
elongation (corresponding tensile strain is 6 x 10* pe) can be applied by without
the need of fiber taper realigning. Beyond this estimated strain value, by
continuing the elongation, the chance of breakage of the polymer-wire is increased

and WGMs coupling efficiency is significantly degraded.

As demonstrated by Klitzing et al. [31], designing a useful device for a specific
strain sensing application it is desirable to limit the range of the applied strains so
that the corresponding WGMs spectral shift occurs within the FSR range of the
spectrum in order to avoid ambiguities in identifying the position of a strained
modes with respect to the unstrained modes. It is also important to avoid changes
in modal components order due to strain induced deformations of the polymer
wire. Therefore, in our experiments the strain range is limited so that WGMs shift
is less than one FSR corresponding to 0.33% (3250 pe) axial elongation of the

polymer wire.
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Figure 36. Shift in the selected dip of WGM transmission spectrum with increasing axial

strain.

The spectral shift of the WGM resonant wavelength due to axial strain can be
described as a combined effect of changing diameter and the changing refractive

index of the resonator [16,21-25,30-33]:

AL _AD  An (3.1)
A D n

Where AD/D is the fractional change in the MR diameter (D) due to the
deformation of the micro-cavity and An/n is the fractional change in the refractive
index (n) due to the strain-optic effect. The transverse deformation (AD/D) of the
micro- cavity can be related to the axially applied tensile strain (AL/L) by the
Poisson ratio (o). The Poisson ratio is the ratio of the lateral contraction strain

(AD/D) to the axial tensile strain (AL/L) given by:

_AD/D

== . 3.2
AL/L 32)
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Changes in the fiber dimensions result in changes in the material density with the
corresponding induced changes in its refractive index (An). Thus, changes in the

refractive index can be expressed as

An = nFéff A_L
L

(3.3)
where Pest is the effective strain-optic coefficient [32,34,47]. The total WGM

resonance wavelength shift can be expressed as

M:_[O_AH P, ALJ (3.4)
L L

Here the negative sign shows that the axial tensile strain applied to the POF micro-
resonator will result in a blue shift of the WGM resonance. The Poisson’s ratio and
the effective strain-optic coefficient of PMMA are 0.35-0.45 and 0.099 (+0.0009)

respectively [25, 32, 34, 44].

Figure 37 shows the theoretically calculated and experimentally measured
wavelength shift as a function of axial strain for a selected WGM dip. Here the
solid red line is the strain dependence of WGM wavelength shift calculated using
equation (3.4) by setting the Poisson’s ratio (o) of the PMMA wire resonator to
0.35, and the resonance wavelength to 1550 nm. The slope of the calculated linear
dependence indicates a theoretical strain sensitivity of -0.69 pm/pe. The
theoretically calculated total shift of the WGMs in response to strain associated

with a 0.33 % polymer wire elongation is 2.26 nm.

The scattered data in figure 37 shows the experimentally measured wavelength
shift for a selected WGM dip versus the applied strain. The slope of the linear
dependency of the measured data is calculated as -0.68 pm/pe, which agrees well

with the theoretically calculated value. There is an average 0.2 nm blue shift for
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the WGMs dip for each 10 um elongation (250 pe). From the experimental results
one can see that the resonance wavelength shift is quite in line with the
theoretically calculated shift thus the proposed system offers good potential as a
strain sensor. The total shift of WGMs is 2.2 nm in response to the 0.33% strain,

which agrees with the theoretically calculated shift.
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Figure 37. Theoretically calculated and experimentally measured wavelength shift as a

function of axial strain for a selected WGM dip.

3.2.3 Strain sensor packaging experiment

In laboratory conditions, evanescent coupling of light from a fiber taper into a
spherical, bottle or bubble MR is typically realized by means of high-resolution
3D micro-positioning stages and optical microscopes, to permit precise alignment
of the tapered fiber waist region along the MR equator at a close distance to the
resonator surface. As mentioned above, evanescent light coupling to a cylindrical
MR is somewhat simpler since only 2D alignment is necessary. However, in real

world applications even the least complex scenario becomes impractical if it
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demands bulky and heavy micro-positioning equipment as an integral part of the
system. Therefore, for practical applications the development of a simple and
reliable packaging method is required for WGM based sensors which allows
precise alignment of the sensor elements to be initially achieved using micro-
positioning equipment but then ensures that precise alignment can be maintained
without the continued use of the micro-positioning equipment. This in turn enables
the fabrication of portable and miniature devices without degrading their

laboratory performance.

Recently llchenko et al. reported the realization of a compact packaged narrow-
linewidth laser based on a WGM resonator with a prism coupler [47]. Yan et
al. [48] and Wang et al.[49] demonstrated a packaging method for a tapered fiber-
coupled spherical micro resonator utilizing low refractive index UV curable glue
as the coating material. The authors also carried out temperature and
photosensitivity studies to evaluate the device performance after packaging. More
recently Dong et al. proposed a packaging technique for spherical [50], and
cylindrical [51] microresonators coupled with a tapered fiber. In their packaging
technique, the resonator rested on the thin portion of the tapered optical fiber like
a cantilever to achieve light coupling and generate WGMs, utilizing the force of
gravity instead of glue. The same authors also confirmed the robustness of the
coupling system by a vibration test. A special kind of packaging for a tapered fiber-
microsphere system was demonstrated by K. Milenko et al. [52], where a silver
iodide metaphosphate glass microsphere was thermally melted and attached on to
a tapered optical fiber. Temperature characterization of the packaged device was

also performed.
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In this work, we propose and demonstrate a packaging method based on three
simple steps which involves gluing the resonator and the light coupling tapered
fiber on to glass substrate. The robustness of the coupling system is confirmed by

testing the packaged device under strong vibration conditions.

The proposed packaging process can be completed in three steps: (a) preparation
of the tapered fiber and polymer wire resonator arrangement, (b) maximizing the
coupling efficiency between the tapered optical fiber and the polymer wire
resonator and (c) immobilizing the coupled system on a glass substrate using UV

curable epoxy.

a) Preparation of the polymer wire resonator for coupling

In order to prepare the polymer micro-cylinder for packaging, a short section of
silica capillary tube was attached on to a glass substrate using UV- curable glue
(Loctite AA 358) as shown in Figure 38(1). Then a flexible polymer wire with a
uniform outer diameter of 230 pum was inserted into the attached silica capillary
tubing as illustrated in Figure 38(2). The capillary tube’s inner diameter must be
slightly larger than the polymer wire’s outer diameter. In the last step, shown in
Figure 38(3), one end of the polymer wire was attached on to the glass substrate
using UV- curable glue. The capillary tube has a significant role in the packaging
process as it allows attachment of the polymer wire resonator to the glass substrate
while ensuring free axial movement of the polymer wire due to applied strain. The
total length of the polymer wire in our experiment was 80 mm. The inner diameter
and the length of the capillary tubing were circa 240 pm and 5 mm respectively.
To achieve a tighter fit between the inner diameter of the tubing and the outer

diameter of the polymer wire resonator, the silica tubing’s diameter may be
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reduced by tapering using the same technique used for fabrication of the tapered

fiber.

Capillary tube
attached on the glass
substrate using UV-

glue \
—

Insert polymer-wire
into the capillar

®

Attaching the polymer-
wire on the glass substrate
using UV glue

Figure 38. Schematic of the packaging process: (1) Capillary tube attached on the glass
substrate, (2) inserting polymer-wire into the capillary tube, and (3) attaching the polymer wire

on to the glass substrate using UV glue.
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b) Maximizing the coupling efficiency

The presence of large evanescent field outside of the tapered portion of the fiber
makes it possible to couple the light into the strain sensing polymer wire acting as

the micro-cylinder by placing both in direct physical contact.

Figure 39(a) illustrates schematically the experimental setup for optimizing the
coupling efficiency between the tapered optical fiber and the polymer wire sensor
probe. The prepared strain sensing polymer wire resonator shown in Figure 38(3)
is fixed on a translation stage with an adjustable 3D- positioner. Using the vertical
positioner, the polymer wire was brought in contact with the tapered fiber to excite
the WGMs. It should be noted that due to the difficulty of manipulating the thin
and fragile tapered silica fiber, this step was carried out while the fiber taper was
still secured horizontally between the two translational stages of the taper-drawing

setup after its fabrication.

This process of micro-alignment is assisted by a fiber coupled He-Ne laser
radiating at 632.8 nm, connected to the input of the tapered fiber. The leaked red
light made the taper waist region clearly visible and helped to align it
perpendicularly with the polymer wire resonator. When the alignment process was
completed, the He-Ne laser at the input end of the fiber taper was replaced with a
super luminescent diode (SLD) (Thorlabs), with a wavelength range of 1500-1600

nm and the output of the fiber taper was connected to the OSA (86142B, Agilent).

After achieving the physical contact with the tapered fiber, the polymer wire was
slowly moved along the taper axis while maintaining physical contact and
mutually orthogonal orientation. During this operation, the transmission spectrum

of the taper was observed at the OSA screen to determine the optimal position of
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the contact point, corresponding to the phase match between the propagating mode

of the fiber taper and the fundamental WGM of the polymer wire resonator [53] .

c) Immobilizing the coupled system on a glass substrate

After achieving the desired WGM spectrum quality, vis-a-vis a high extinction
ratio and Q-factor, the tapered fiber was glued to the glass slide using UV curable
epoxy. Before applying the glue, the physical contact between the fiber taper and
the polymer wire was ensured using spacers with an appropriate thickness attached
to the glass substrate serving as the basis for the coupling arrangement. The entire

packaging process took less than 10 minutes.

Figure 39(b) shows the schematic diagram of a packaged strain sensor. The

photograph of the packaged strain sensor is shown in Figure 40.
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Figure 39. (a)- (b) Illustration of the packaging process.
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Figure 40. Photograph of the packaged strain sensor.

3.2.4 Before/after packaging performance comparison

Figures 41(a, b) show the transmission spectra of the tapered fiber before and after
the packaging. Narrow resonances with a Q-factor in the order of ~ 10° were
observed in both spectra. There is a change in the extinction ratio of the WGM
spectrum before and after packaging also accompanied by a small spectral shift in
the order of picometer. This is possibly due to the increased coupling loss and

changing polarization of the input light.
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Figure 41. (a) Transmission spectrum of the tapered fiber before and after packaging (b)

selected single resonance dip.

3.2.5 Analysis of the performance of the packaged strain sensor

To evaluate the performance of the packaged device, strain sensing experiments
were carried out at a constant laboratory temperature (20 °C). Figure 42 illustrates
the experimental setup used for characterization of the packaged WGM based
strain sensor. Similar to the previous experiments, one end of the tapered fiber is
connected to the SLD through a three-paddle polarization controller and the output

end is connected to an OSA with a 10 pm resolution. The packaged strain sensor
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is clamped onto an optical platform. The free end of the polymer wire is fixed on
a micro translation stage with a 10 pum movement resolution. The distance between
the two fixed points (A and B) of the polymer wire is considered as the sensing

length. Here the sensing length was set to 40 mm for consistency.

Polarization‘controller S

Light In H ‘.ight out
' OSA
SLD

s ’ Capillary tube+—_| uv glte |E Faz

Silica tapered optical fiber (SMF-28)

Clamp

—  Polymer wire
(Strain applying probe)

& +— Micro-translation stage

Figure 42. Schematic diagram of the strain sensing experiments using the packaged strain

SEnsor.

Strain is applied to the polymer wire by moving the translation stage with a step
of 10 um (corresponding to an axial tensile strain of 250 pe) in a direction away
from the fixed end. Figures 43 (a) show the spectral shift experienced by a selected
WGM dip as the axial strain is increased from zero to 2500 pe. Similar to the
previous experiments, when the axial strain increases, the resonant dips exhibit a
linear blue shift. For testing the repeatability of the packaged sensor performance,
we carried out a reversed cycle of measurements where the applied axial strain was
decreased back to zero, during which the resonance dips linearly red-shifted back

to their initial positions with a relatively low level of hysteresis.
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Figure 43. Experimental results for the packaged sensor: (a) & (b) wavelength shift of a
selected WGM resonance versus applied increasing (decreasing) strain and (¢) & (d)

corresponding WGM resonance shifts versus applied strain.
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Figure 43(b) shows the resonance wavelength shift with the decreasing applied
strain and Figure 43(c) illustrates the hysteresis between the two opposite cycles,
where the bottom axis represents the increasing strain and the top axis represents
a gradual decrease of the applied axial strain from its maximum value to the initial
unstrained state. The maximum difference between the shifted resonance

wavelengths in the unstrained position is 0.15 nm.

It should be noted that in the case of the packaged sensor, the slope of the linear fit
is less than that of the unpackaged sensor, indicating a lower sensitivity to strain (-
0.54 pm/pe). This is possibly due to the decrease in the efficiency of strain transfer
to the polymer wire induced by the frictional forces from the capillary tube. In the
packaged sensor, strain sensitivity can be improved by using more flexible

capillary tube as holder.

3.2.6 Studies of factors affecting the performance of packaged

sensor

a) Mechanical stability

The robustness of the packaged device is evaluated by observing the effect on the
transmission spectrum of strong vibrations. For this test, the packaged sensor is
placed on the vibration platform (shown in Figure 44) operated with a function
generator which can produce various frequency vibrations. A single WGM
resonance dip in the transmission spectrum before vibration and after the vibration
is shown in Figure 45. One can see from the figure that this resonance dip with a
central wavelength of 1526.8 nm does not experience significant changes as a

result of vibration. There is a slight decrease in the extinction ratio after the
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application of vibration but the shape and the Q- factor (~ 10°) of the resonance
dip remain almost constant, indicating that the packaged sensor possesses good

resistance to vibration.

"‘;;gackaged micFocavit)
Strain sensor

Figure 44. Experimental setup for vibration tests (a) General view; (b) Top view of the

vibrational platform.
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Figure 45. Selected single transmission WGM dip of the packaged strain sensor at before and

after vibration.
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b) Temperature stability

Temperature sensitivity is an issue for all optical fiber sensors operating in an
environment with a varying temperature. The thermal drift of a resonant
wavelength in an optical microresonator results from thermal expansion and
thermo-optic effects of its material. Fused silica has positive thermal expansion
and thermo-optic coefficients. As a result, WGM resonances in a silica
microresonator shift towards longer wavelengths with an increase in temperature.
The reason behind the red shift is that, when the temperature increases, both the
diameter and the refractive index of the material also increase. This leads to the
increase in effective optical path for light within the resonator. To accommodate

the larger circumference, the WGM resonance will shift to a longer wavelength.

In the case of optical microresonators made from polymers (PMMA, PDMYS),
calcium fluoride (CaFz), or athermal glasses that exhibit negative thermo-optical
effect, the refractive index of the material decreases with the increase of the
temperature reducing the optical circumference. This leads to the resonance
wavelengths shift towards the shorter wavelength side of the spectrum [54] . The
temperature induced resonance wavelength shift can be determined from the
equation [55],

1 dn 1 dD j
(3.5)

AL =2y =— AT + =—AT
ndT D dT

where dn is the thermo-optic coefficient and 1dDb is the thermal expansion
dT D dT

coefficient. The negative thermo-optic coefficient of PMMA is 10 *K"!, one order
of magnitude higher than the thermo-expansion coefficient, which is equal to 107

K- [56].
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To investigate the temperature response of the packaged strain sensor
experimentally, sensor’s ambient temperature was varied by placing it on a hot
stage capable of realizing temperature changes in the range from 20 to 50 °C in 1
°C steps. A reference thermocouple probe with 0.1°C resolution was attached to
the surface of the hot stage near the sensor under test. The temperature of the heater
then was gradually increased in 2 °C steps and the corresponding changes in the
resonance wavelength were recorded using the OSA along with the temperature
readings of the thermocouple.

Figure 46(a) shows the position of a selected WGM resonance at different applied
temperatures and Figure 46(b) analyses the experimental data. Here the scatter data
points represent the measured resonance wavelength shifts with increasing
temperature and the solid line is a linear fit of the measured data. From the figure
one can see that, when the temperature is increased the WGM resonance
experiences a blue shift. The slope of the linear fit to the experimental data gives
an estimated temperature sensitivity of 40.8 pm/°C. Thus, the estimated
temperature cross sensitivity of the strain sensor while operating at increase in

temperature conditions is 54 pe/°C.
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Figure 46. (a) Selected WGM resonance with different applied temperature, and (b) linear fit

of the measured resonance wavelength shift data.

3.2.7 Conclusions

In conclusion, we have proposed a strain sensor based on WGMs excited in a
polymer wire cylindrical micro resonator for applications requiring a large
dynamic range for strain measurements. The sensitivity of the proposed strain
sensor to the increasing axial tensile strain in the range of wavelengths from 1500
to 1600 nm is -0.68 pm/pe (unpackaged), and -0.58 pm/ pe (packaged)

respectively. The light was evanescently coupled into the polymer wire resonator
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from a standard single mode silica optical fiber taper fabricated by the micro heater
brushing technique. Narrow WGM resonances were observed in the fiber taper’s
transmission spectrum with a Q-factor in the order of 10°. WGMs are shifted
towards shorter wavelengths with increasing axial strain on the resonator.
Measurements of axial strains up to 3.25 x 10° pe (corresponding to 0.33 %
elongation) have been demonstrated, without the need for re-adjustment of the
coupling setup due to the impact of applying strain. Furthermore, we proposed and
demonstrated a packaging method for the strain sensor on a glass microscope slide
which will make the sensor portable and easy to use. The packaging process is
simple and robust. Strain sensing experiments were carried out using the packaged
sensor at a constant laboratory temperature to demonstrate the sensor performance.
The spectral positions of the WGM resonances for the packaged strain sensor shift
linearly to shorter wavelengths during the increase in axial tensile strain. The
return of WGM s to their original positions with small hysteresis as the decrease of
the applied axial strain demonstrates the repeatability of the packaged strain sensor
performance. The package sensor was subjected to a range of vibration to
determine the sensitivity of the sensor to external vibration. It was found that
external vibrations had little or no effect on the sensor performance. The spectral
response of the sensor in increasing ambient temperature condition is studied. The
estimated temperature cross sensitivity of the strain sensor while operating at
increase in temperature conditions is 54 pe/°C. The proposed polymer wire based
packaged strain sensor possesses several desirable features such as ease of

fabrication, small footprint, portability and large dynamic range of strains.
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Chapter 4

Temperature and magnetic field sensors
based on LCORR cylindrical

microresonators

In the previous chapters the strong dependence of the WGM spectra on the
resonator diameter was explored for the development of a new geometrical
profiling method and highly sensitive strain sensors where the change in refractive
index was negligible as compared to the diameter change of the resonator due to
the applied strain. The primary research goal in this chapter is to utilize the
refractive index tunability of the WGM spectra for the development of novel high
sensitivity temperature and magnetic field sensors and tunable electro-optic
devices.

It is well known that the optical properties of silica are practically independent on
electro-magnetic fields and display a relatively weak temperature dependence
making this material unsuitable for sensing of the above parameters. In this
chapter, in order to achieve its main objective, combining cylindrical silica
microresonators with suitable sensitivity-improving materials or liquids is
proposed and investigated. Hollow cylindrical microresonators with different
geometries, also known as liquid core optical ring resonators (LCORRs) have been
chosen as basic structures allowing easy infiltration with liquid materials, having

strong thermo-, electro- and magneto-optic dependencies, such as liquid crystals
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and magnetic fluids.

4.1 Thermo-optic tuning of a packaged whispering
gallery mode resonator filled with nematic liquid

crystal®

Abstract: Thermo-optic tuning of whispering gallery modes (WGMs) in a nematic
liquid crystal-filled thin-walled capillary tube resonator is reported. WGMs were
excited by the evanescent field from a tapered optical fiber. Tapered optical fiber
fabrication and reduction of wall thickness of the capillary tube was carried out by
ceramic micro-heater brushing technique. A simple and robust packaging
technique 1s demonstrated to ensure stable and repeatable operation of the device.
Tunability of WGMs with temperature was demonstrated with a sensitivity of
267.5+£2.5 pm/°C. The demonstrated thermo-optic method for WGMs tuning is
potentially useful for many tunable photonic devices and sensors.

OCIS codes: (060.2370) Fiber optics sensors; (140.3945) Microcavities;

(140.3948) Microcavity devices.
4.1.1 Introduction

Optical whispering gallery modes (WGMs) are the electromagnetic resonances

supported by open dielectric resonators with the dimensions in the order of few

6 V. Kavungal, G. Farrell, Q. Wu, A. K. Mallik, and Y. Semenova, “Thermo-optic tuning of a
packaged whispering gallery mode resonator filled with nematic liquid crystal,” Optics Express,
26, 8431-8442 (2018).
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millimeters or smaller and a circular shape, e.g., spherical, cylindrical, disk, ring,
toroidal etc. WGM resonances can be used in many applications, including optical
sensors for biological and chemical compounds, as electro-optical oscillators and
modulators, all optical switches, tunable optical filters, or in quantum electro
dynamic applications. The versatility of WGM resonators arises from their many
advantages, such as high Q-factors, low mode volumes, and the exceptional
sensitivity of the optical properties of the resonator to its size as well the nature of
the surrounding medium [1,2]. The exceptional sensitivity of the WGM resonators’
optical properties to the changes in their geometry and refractive index may lead
to significant temperature dependence due to thermos-optic and thermal expansion
properties of the resonator’s material.

Several authors reported different approaches to eliminate the temperature cross-
sensitivity of sensors based on WGM resonators, such as liquid core optical ring
resonators (LCORR) [3,4], micro-spheres [5—12], micro-ring [13], micro-
toroid [14-16] and fluorescent core micro-capillary (FCM) [17], allowing to
improve their performance. At the same time several studies reported applications
of the temperature induced spectral shift in WGM resonators for temperature
sensing or in tunable devices based on micro-spheres [18-20], micro-bubble [21],
micro-rings [22,23], bent optical fiber [24], dye doped hollow polymer optical
fiber [25], micro-fiber knot resonator [26], and spherical droplets [27-29].

Silica glass is one of the most popular materials used for fabrication of optical
WGM micro-resonators (MRs) due to its low loss and the simplicity of fabrication
of high quality resonators by melting the material into circular shapes. However,
silica has relatively low thermo-optic and thermal expansion coefficients, so if a

silica resonator device is used for sensing of environmental parameters or utilizes
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thermo-optic tuning, a means to enhance its temperature sensitivity is required.
Such an enhancement is often achieved by coating of the resonator surface with
suitable functional materials. For example, authors in [30] used a conjugated
polymer coated silica micro-sphere with an improved temperature sensitivity to
design a thermo-optical switch. Li ef al. [22] used a polydimethylsiloxane (PDMS)
coating on a toroidal silica micro resonator to enhance its thermal sensitivity.
However, combinations of sensitivity improving liquids with micro-resonator
devices and sensors results in multiple design challenges, since applying fluids
onto the surface of the resonator may lead to poor mechanical stability, the need to
protect the fluids from evaporation efc. An alternative approach to integration of
liquids with WGM resonators is encapsulation of the fluid inside the resonator,
fabricated in the shape of a tube, a bubble, or photonic crystal fiber. In this
scenario, a thin-walled capillary tube resonators, also referred to as LCORR [31]
are especially promising. LCORRs have been used in various sensing applications
including the detection of DNA, viruses, proteins and cancer biomarkers [32].

In this manuscript, we propose to enhance the temperature sensitivity of a silica
capillary tube resonator with a submicron wall thickness by filling it with a nematic
liquid crystal (LC) for thermo-optic tuning applications. The light is evanescently
coupled to the resonator using a tapered silica optical fiber. Apart from traditional
display applications, LCs are suitable candidates for many photonic applications
in which active light manipulation is required. The optical, electrical and magnetic
properties of liquid crystals are defined by the orientational order of the constituent
anisotropic molecules. The orientational order can be influenced by many factors,
such as temperature and electro-magnetic fields. For example, temperature

dependence of the refractive indices and optical anisotropy of LCs are often
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utilized in many LC based tunable devices for various applications [33]. Nematic
liquid crystals are attractive temperature tunable materials due to their large
negative thermo-optic coefficients and low absorption at the infrared and visible
wavelengths. The thermo-optic coefficient of a typical nematic liquid crystal is
significantly larger (-9 x 10%/°C for 5 CB [34]) than those of many common
materials such as deionized water (-0.7x107/°C [35]), ethanol (-3.7x10*#/°C [35]),
isopropanol (-4x10/°C [36]) etc. The temperature sensitivity of WGMs excited
in nematic liquid crystal droplets embedded in polymer matrix has been
demonstrated by Humar et al. [37] and recently Y. Wang et al. [27] reported
thermo-optical tuning of optically pumped WGM lasing emission from dye-doped
emulsion microdroplets of cholesteric liquid crystals (CLCs) suspended in an
aqueous environment. More recently, temperature tuning in a tapered fiber coupled
LC droplet WGM resonator was reported by Y. Wang et al. [29]. However,
individual LC droplets have never been considered as a tunable optical device.
Moreover, in laboratory conditions, evanescent field coupling of light into
spherical, bottle or bubble MRs using a fiber taper is typically realized by means
of high-resolution 3D micro-positioning stages and optical microscopes for a
precise alignment of the tapered fiber waist along the MR equator at a close
distance to the resonator surface. Evanescent light coupling is somewhat simpler
in the case of cylindrical micro-resonators since only the 2D alignment is
necessary. However, in real world applications even the least complex scenario
becomes impractical due to the need for bulky and heavy micro-positioning
equipment. Therefore, for practical applications development of a simple and
reliable packaging method is required for such WGM devices, which would enable

their fabrication in a portable and miniature shape without degrading in their
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laboratory performance. Therefore, in this work we also propose and demonstrate
a suitable packaging method for our proposed WGM device. Such a packaged
device can be used as a narrow-band thermo-optic tunable filter. The tapered fiber,
thin walled silica capillary resonator, and the substrate supporting the resonator,
are made from silica, which is good for reducing the temperature expansion
imbalance in the packaged device. Additionally, the simplicity, mechanical
stability, and the direct interaction of the coupling region with the surroundings
(the coupling region is not embedded in a polymer) are the advantages of the

proposed packaging technique.
4.1.2 Experimental details, results and discussions

a) Packaging of the coupled system.

The operating principle of the proposed tunable device relies on the interaction
between higher order WGMs penetrating into the capillary and the LC inside the
capillary whose refractive index is strongly influenced by the applied temperature.
In order to increase the efficiency of such interaction, the capillary walls should
be sufficiently thin[38]. The thin-walled capillary tube resonator in our
experiment was prepared from a short section of a coating-stripped silica capillary
tube with inner diameter of 700 um and outer diameter of 850 um (Polymicro
Technologies). In order to reduce the wall thickness down to the submicron scale,
the capillary tube was tapered using a ceramic micro-heater and the fiber pulling
setup [39]. Heating and stretching of the capillary tube resulted in the reduction of
the capillary wall thickness as well as its external diameter. Resulting external
diameter and wall thickness of the uniform tapered portion of the resonator were
41 um and 0.5 pm respectively. As a first step of the resonator packaging process,

the prepared thin-walled capillary tube was attached on to a glass substrate at a
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height of ~1 mm above the glass surface using a UV- curable glue [Figure 48(a)].

The total length of the capillary tube was 20 mm.

The tapered optical fiber for light coupling was fabricated using the same fiber
pulling setup as for the capillary fabrication and the micro-heater brushing
technique described in [39]. The diameter of a uniform waist portion of the
fabricated fiber taper was ~1.3 um. The ends of the tapered fiber were connected
to a superluminescent diode (SLD) (Thorlabs) with a wavelength range of 1500—
1600 nm and an optical spectrum analyzer (OSA) (Advantest, Q8384) with a
resolution of 0.01 nm. To maximize the light coupling efficiency, the uniform
tapered portion of the capillary tube acting as the micro-cylinder must be placed
perpendicularly and in direct physical contact with the fiber taper waist. Figure
48(b) illustrates schematically the experimental setup for optimizing the coupling
efficiency between the fabricated tapered optical fiber and the capillary tube
resonator. After achieving the physical contact with the tapered fiber, the capillary
tube was slowly moved along the taper axis using a micro-translation stage while
maintaining physical contact and a mutually orthogonal orientation. During this
process, the transmission spectrum of the taper was observed at the OSA screen to
determine the optimal position of the contact point, corresponding to the phase
match between the propagating mode of the fiber taper and the fundamental WGM
of the capillary tube resonator. A manual three-paddle polarization controller
(FPCO030) placed between the SLD and fiber taper was used to control the
polarization and maximize the light coupling efficiency. After achieving the
desired WGM spectrum quality, both ends of the tapered fiber were glued to the
glass substrate using a UV curable epoxy as shown in Figure 48(c). The entire

packaging process took less than 10 minutes.
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Figure 47. Schematic of the packaging process: (a) Capillary tube attached to the glass
substrate, (b) Maximizing the coupling efficiency between the tapered optical fiber and

capillary tube resonator, and (c) Immobilizing the coupled system on a glass substrate.

Robustness of the packaged device was evaluated by observing the effect of
vibration on the transmission spectrum. For this test, the packaged sensor was
placed on a simple vibration generator driven by a signal generator with a
maximum peak-to-peak amplitude of 6 V, as shown in Figure 48(b). The packaged
device was subjected to vibrations at a frequency of 10 Hz for 30 minutes. Spectra
of a single WGM resonance dip in the transmission spectrum before and after the
vibration test are shown in Figure 48(a). One can see from the figure that this
resonance dip with a central wavelength of 1515.78 nm does not show any
changes, and any possible discrepancies are less than the resolution of the OSA

employed in the experiment (10 pm).
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Figure 48. (a) Selected WGM resonance dip of the packaged device before and after the

vibration test. (b) Experimental set up for vibration tests.

b) Thermo-optic tuning experiments using the packaged device

After packaging, the capillary micro-resonator was filled with a nematic liquid
crystal (MLC 7012, Licrystal) using a micro-syringe pump. Subsequently both
ends of the capillary tube were sealed using a UV curable epoxy. The WGM
spectrum experienced dramatic changes due to the significant increase in the
effective refractive index inside the resonator. Figure 49 shows the WGM spectra
of the packaged capillary tube resonator before and after it was filled with the
liquid crystal. One can see from the figure that the average transmission loss of the
spectrum, corresponding to the resonator filled with the LC, is much higher. The
extinction ratio of the WGM resonances increased from 6 dB to 13 dB (about 60
% increase). It should be noted that additional side-lobes appear in the WGM
spectra, possibly due to the excitation of non-degenerated WGMs after infiltrating
the resonator with higher birefringent LCs. The shift experienced by the WGMs
after infiltration is difficult to calculate since the shift is higher than that of the
FSR value of the spectrum. The average Q-factor of the highest extinction troughs

decreased from ~1.9 x 10* to ~0.9 x 10°, suggesting an increased loss within the
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resonator. The increase in the average loss of the transmission spectrum of the
taper after infiltrating the resonator with the LC is probably due to a number of
factors such as scattering and absorption of light by the liquid crystal medium. In
addition, it can be seen that the free spectral range (FSR) of the WGMs increased
for the LC-filled resonator from 11.5 nm to 13.35 nm leading to the reduction of a
number WGM resonances observed in the wavelength range from 1500 to 1600

nm.
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Figure 49. Experimental WGM spectra of the air core and liquid crystal filled thin-walled

micro-capillary.

Analysis of the experimental results allows one to determine and compare the so-
called effective diameter of the capillary tube resonator before and after its
infiltration with LC, using the approximate equation [40]:

/12

Dy =———— 4.1
" n, FSR @1

Where 4 is the resonance wavelength and nefis the effective refractive index of the
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capillary tube resonator.

As can be seen from the above formula, the increase in the effective refractive
index of the capillary tube and the increase in experimental FSR due to the
infiltration with a higher refractive index LC, should lead to a reduction in the
resonator’s effective diameter. The notion of effective diameter relates to the
localization of WGMs inside the resonator. As was discussed previously by
Sumetsky et al. in [38] for liquid ring resonator optical sensor (LRROS), and in
our previous study of the photonic crystal fiber resonators [41], an increase in the
effective refractive index of the resonator core leads to the WGMs moving away

from the capillary wall toward the higher refractive index core.

In order to demonstrate thermo-optic tuning of the WGM resonances in the
fabricated capillary tube resonator we carried out a series of experiments
increasing the temperature from room temperature 25°C up to 50°C in 1°C steps
by placing the packaged device on a controlled hot stage. Later the temperature
was decreased in 1°C steps back to room temperature with all changes in the
transmission spectrum recorded using an OSA. The temperature of the hot stage
was measured by a thermocouple with 0.1°C measurement resolution. Figure 50
shows the transmission spectra of the packaged LC filled capillary tube resonator
with increasing and decreasing temperature in a selected wavelength range. With
the increase in temperature, all the WGM resonances experienced monotonic blue
shifts and the decrease in temperature resulted in their return back to their initial

spectral positions.
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Figure 50. Transmission spectra of the LC-filled WGM resonator with (a) increasing and (b)
decreasing temperature. There is an average spectral shift of 3.23 nm for the temperature

change from of 26 to 40 °C.

An average spectral shift of 8.3 nm was observed for the temperature change from
of 26°C to 50.8°C with a rate of 270 pm/°C. By way of justification it is well
known that both, ordinary and extraordinary refractive indices of nematic LCs
depend on the orientational order of the LC molecules. An increase in the LC
temperature causes orientational fluctuations leading to the decrease of refractive
index of both components [33]. This decrease of the liquid crystal’s refractive

index leads to the decrease in the WGM resonant wavelengths to satisfy the
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resonance phase matching condition (Ln, =mAa, > where A, is the m™ order

resonance wavelength, .y the effective refractive index of the resonator, L is the
cavity’s round trip length, and m is the integer number of wavelengths along the

optical round-trip length termed as the azimuthal mode number) [40].

An increase in temperature also causes a decrease in the Q-factor of the resonance
and appearance of additional secondary spectral dips near the main resonance,
most likely due to the fact that the liquid crystal core is a birefringent medium and
thus has different RIs for different polarizations. The exact position of the
resonance minimum was determined by fitting of the primary (highest extinction
ratio) spectral trough corresponding to the fundamental mode with Lorentz
function. For greater clarity, Figure 51 illustrates the dip wavelength shift of a
single WGM resonance [marked p2 in Fig. 50] with increasing and decreasing
temperatures in the range from 25.6 to 51°C. The measured wavelength shift
(scatter data) is linearly fitted (solid line). Linear fitting of the wavelength response
data indicates that the linear regression coefficient is 0.97 for both the temperature
increase and temperature decrease cases. The slopes of the linear dependencies are
-270 pm/°C (temperature increase) and -265 pm/°C (temperature decrease). The
mean value of the slope for the heating and cooling experiments is -267.5 pm/°C.
The uncertainty in the slope is calculated as £2.5 pm/°C. Thus, the temperature
sensitivity of the proposed device is 267.5+2.5 pm/°C. At higher temperatures, the
resonance wavelength undergoes stronger fluctuations due to the increasing

fluctuations of the hot stage temperature.
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Figure 51. Spectral shift experienced by a selected WGM resonance [p2 in Figure 50] with

increasing and decreasing temperature.

To test the repeatability of the thermo-optic tuning of the packaged LC filled resonator,
two additional experiments were carried out by setting a specific temperature of the hot
stage, allowing for a certain time interval to reach the setting and then turning the stage
off allowing it to cool down to room temperature. The WGM spectra were recorded
continuously and the spectral shift experienced by the modes were analyzed. In the
experiment the temperature of the sensor was altered from room temperature (26 °C) to

one of two elevated temperatures, 35 °C and 45 °C, by a controlled heating stage.

To understand the evolution of the spectrum as temperature changes with time, the
spectral shifts of a selected resonance [marked p2 in Figure 50] were measured as the
temperature was cycled at intervals of 10 minutes between room temperature and an
elevated temperature. The WGM spectra of the packaged device were sampled with a
fixed time interval of 80 seconds during the experiments. The temperature of the

controlled heating stage is monitored using a thermocouple attached to the heater. Figure
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52 shows the resonance wavelength plotted against time as the temperature was cycled,
for both elevated temperatures. Temperature cycling was repeated for 110 minutes for
both elevated temperatures. As can be seen from Figure 52, the spectral shifts in response
to a temperature change are consistent with time. It was found that after temperature
cycling of the sensor to an elevated temperature, the resonance wavelength always
returned to its room temperature value, with only very minute variations, demonstrating
that the sensor is unaffected by repeated temperature cycling. It should be noted that small
fluctuations observed in the WGM spectral positions at the constant but elevated
temperatures are most likely due to instabilities of the temperature of the hot stage. The
heater used in the experiments had a maximum instability of +1.5°C, measured using a

thermocouple attached to its surface.
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Figure 52. The resonance wavelength [p2] plotted against time as the temperature was cycled,

for elevated temperatures of 35°C and 45°C from room temperature.

In order to obtain better understanding of the role of LC core within the proposed

thermo-optic tunable device, we have conducted a set of experiments for
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characterization of temperature response of an empty (air core) capillary tube

resonator, fabricated using the same method and thus with a similar geometry.
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Figure 53. (a) Selected WGM resonance dip of an air-core capillary tube resonator with
increasing temperature. (b) Linear fit of the measured resonance wavelength data with

increasing temperature.

The temperature was increased from room temperature 31°C up to 47°C with 2°C
steps by placing the packaged air-core capillary tube resonator on a temperature

controlled hot stage while all changes in the transmission spectrum were recorded
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using an OSA. The temperature of the hot stage was measured by a thermocouple.
Figure 54 illustrates the results of these experiments.

As can be seen from Figure 53(a), the WGM spectrum experiences red shift of
0.24 nm with the increase in temperature, resulting in sensitivity of 14.4 pm/°C.
Figure 53(b) shows the linear fit to the measured resonance wavelength shift data
with increasing temperature. The redshift of the WGMs with increasing
temperature is due to the positive thermo-optic and the thermal expansion
coefficients (in the order of ~ 10/°C) of the silica glass [42]. The thermo-optic
coefficient of air is even lower than that of the fused silica (~ 10/°C). The
sensitivity of the air core silica capillary tube resonator is about 19 times lower
than that for the LC filled capillary tube resonator.

c) Temperature detection Limit

The temperature detection limit (DL) of the proposed device can be calculated

using the following formula [43]:
R
DL=— 4.2
S (4.2)
Here R is the sensor’s resolution and S is the sensitivity. The sensor’s resolution

depends upon the various sources of noise involved in the measurement and

determined by the equation [43]:

— — 2 2 2
R =30 = ‘\/O_ampl—noise + O-temp—induced + Gspect—res (43)

where o is the total system noise variance, which can be expressed in terms of all
the individual noise variances for amplitude noise (Gampi-noise), temperature induced
spectral noise (Gremp-induced, and the spectral resolution noise limit (Gspecr-res). The

standard deviation of the amplitude noise can be calculated as [43]:
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4.5(SNR)

~
O-ampl—noise ~

(4.4)

where A4 is the full-width half maximum of the mode amplitude derived from the
Q factor (Q = 4/44). The Q-factor of the LC-filled, and the air-core capillary tube
resonators were calculated by fitting the resonance dips with Lorentz equation.
The corresponding Q-factors of the selected WGMs of the LC-filled and the air-
core capillary tube resonators were 807, and 10263 respectively. We assumed the
SNR of the system as 60 dB (equivalent to a ratio of 10°), then the corresponding
Oampl-noise Were calculated as 13.25 and 1.04 respectively for the LC-filled and the
air-core capillary tube resonators. We also assumed the standard deviation due to
the temperature stabilization (Gremp-induced) as 0.01 pm. The spectral resolution of
the OSA used in our experiment is 10 pm £ 3%. The error in determining the
position of the resonant mode is uniformly distributed between —0.3 pm to + 0.3
pm and the resulting standard deviation of ggpecr-res 1s 0.173 pm. The overall sensor
resolutions obtained by Eq. (4.3) are 39.84 pm and 3.25 pm respectively for the
LC-filled and the air-core capillary tube resonators. Then the corresponding
temperature DLs can be calculated by Eq. (4.2) as 0.148°C and 0.23°C respectively
for the LC-filled and empty (air core) resonators. From the study it is clear that
even though the Q- factor of the LC-filled capillary tube resonator is lower than
that for the empty (air core) resonator, the temperature detection limit is slightly
better for the LC-filled capillary tube than for the empty one.

Finally, we carried out a comparison of the temperature sensitivity of the proposed
tunable device with a number of WGM temperature sensors reported previously,

and the results are summarized in Table 2.
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Table 2. Sensitivity comparison of WGM temperature sensors.

Type of sensor Sensitivity
(pm/°C)

Water filled thick (thin) walled fused silica micro-capillary resonator [3] 7.6 (5.4)
Dye-doped hollow polymer optical fiber [25] 11
Water filled thick (thin) walled aluminosilicate capillary micro-resonator [3] | 17.2 (13.8)
PMMA wire microcylinder [44] 40.8
PMMA microsphere inserted in a hollow fiber [20] 50
Silica microfiber knot resonator [26] 52
Silicon micro-ring [23] 110
PDMS-coated silica micro-ring [45] 151
Microbubble filled with ethanol [46] 200
Bent optical fiber [24] 212
PDMS microsphere [19] 245
PMMA microfiber knot resonator [26] 266
Tapered optical fiber coupled liquid crystal microdroplet [29] 267.6
Liquid crystal infiltrated LCORR [This work] 267.5£2.5
DCM-doped oil droplet [28] 377
Integrated PMMA microsphere [18] 460
Dye-doped cholesteric liquid crystal microdroplets [27] 1500

As one can see from the Table 2, the device described in this paper offers

competitive temperature sensitivity compared to many of the similar WGM

devices. Only the dye-doped cholesteric liquid crystal microdroplets [27], DCM-

doped oil droplet [28], and the integrated PMM A microsphere resonator [18] show

higher temperature sensitivity than the tunable device proposed in this work. It

should be noted however that as mentioned in the introduction, individual droplet

resonators are difficult to implement as a tunable device due to light coupling and
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packaging issues. Moreover, the integrated PMMA microsphere sensor described
in [18] demands more effort in terms of fabrication and its wavelength tunability
range is four times less (1.93 nm) than that of the proposed here tunable device

(8.3 nm).
4.1.3 Summary

In summary, thermo-optic tuning of a nematic liquid crystal filled thin-walled
silica capillary tube resonator was demonstrated experimentally with a sensitivity
of -267.5+£2.5 pm/°C. An evanescent field from a tapered optical fiber was used to
excite the WGMs in the capillary resonator and record its WGM spectrum in the
wavelength range from 1500 to 1600 nm. Fabrication of the tapered fiber and the
thin-walled capillary tube was carried out by the micro- heater brushing technique.
A simple and robust packaging technique for the proposed tunable device was also
developed and demonstrated. Thermo-optic tuning experiments were carried out
using the LC filled packaged resonator. An increase in the resonator temperature
leads to a blue shift of the WGM resonances observed in the transmission spectrum
of the fiber taper with a rate of -270 pm/°C and the decrease in temperature resulted
in their return back to the initial spectral positions with a rate of -265 pm//°C. The
calculated temperature detection limit of the proposed LC filled capillary tube
resonator is 0.15°C. The proposed device shows good mechanical stability and
repeatability of performance. Initial study indicates that the demonstrated thermo-
optic tuning of the WGMs in a nematic liquid crystal thin-walled capillary tube
resonator is promising for many photonic applications, for example in tunable

filters, switches and sensors.
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4.2 Magnetic-field sensor based on whispering gallery
modes in a photonic crystal fiber infiltrated with

magnetic fluid’

Abstract: In this work, a magnetic-field sensor was designed to take advantage of
the tunability of the resonance wavelengths of a cylindrical whispering-gallery-
mode microresonator. The microresonator is based on a 1.3 cm length of photonic
crystal fiber infiltrated with a magnetic fluid containing nanoparticles with
diameters of either 5 or 10 nm. The Q-factor achieved for the microresonators was
4.24x10° or higher. When a magnetic field is applied, the whispering-gallery-
mode resonances shift toward longer wavelengths. The experimentally
demonstrated sensitivity of the proposed sensor was as high as110 pm /mT in the
magneticfield range from 0 to 38.7 mT.

OCIS codes: (060.2310) Fiber optics; (060.2370) Fiber optics sensors; (060.4005)

Microstructured fibers; (140.4780) Optical resonators.
4.2.1 Introduction

Magnetic field sensors are required in a wide range of applications including
navigation, speed and distance measurements, geophysical research, non-contact
switching and current measurement [47]. Compared with traditional electrical
sensors, fiber optic magnetic field sensors are advantageous because of their
immunity to electromagnetic interference, low weight, small size, and the

possibility of remote operation.

" A. Mahmood, V. Kavungal, S. S. Ahmed, G. Farrell, Y. Semenova, “Magnetic field sensor
based on whispering gallery modes in photonic crystal fiber infiltrated with magnetic fluids,”
Optics Letters, 40, 4983-4986 (2015).
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Most of the fiber optic magnetic field sensors reported to date utilise either the
Faraday effect [48] or magnetostrictive perturbation. Sensors of the former
category are often problematic due to the intrinsic birefringence of the sensing
fibers, while the latter type of sensor employing magnetostrictive materials in
conjunction with optical fiber structures, face the challenge of combining two
types of materials within the sensor. Using bulk magnetostrictive materials is also
problematic for space limited applications and coating the fibers with
magnetostrictive layers often requires a complex fabrication process [49].

Recently many researchers have turned their attention to the use of magnetic fluids
for fiber optic sensing. Magnetic fluids are colloidal materials based on surfactant-
coated magnetic nanoparticles dispersed in a suitable liquid carrier. Due to their
fluidity they can be easily combined with optical fibers and due to their magnetic
properties, such as tunable refractive index, magneto-volume variation, magneto-
viscosity and magneto-dielectric anisotropy they are good potential candidates to
form the basis of magnetic field sensors. Several examples of such sensors have
been reported including sensors based on infiltration of magnetic fluids into the air
holes of photonic crystal fibers (PCF)[50-54] or using magnetic fluids as
claddings in combination with special fiber structures [55], such as fiber
tapers [56, 57], and microfiber structures [58, 59]. Depending on the interrogation
method used, the sensitivity of these sensors is either in units of wavelength shift
per magnetic field unit (pm/mT) or in units of transmission loss per magnetic field
unit (dB/mT). Good magnetic field sensitivities have been achieved by several
groups. For example, Thakur et al. reported a sensitivity of 242 pm/mT in the range
of 0 to 45 mT [50]. Miao et al. used an S-tapered microfiber integrated with a

ferrofluid and reported sensitivities as high as 1.3056 dB/mT and 560 pm/mT in
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the range of 2.5 to 20 mT [57]. To date the highest magnetic field sensitivity of
15.6 nm/mT has been reported by Zu et al. for a sensor based on the magnetic
tunability of photonic bandgaps in a PCF infiltrated with a specially designed high-
refractive index magnetic fluid [51].

Whispering gallery modes (WGMs) are electromagnetic surface oscillations
supported by dielectric micro resonators with circular structures such as spheres,
cylinders, disks or toroids. WGMs arise as a result of trapping of light within the
micro resonator by almost total internal reflections from the resonator’s curved
surface. Such reflections force the light to take on a polygonal path within the
curved structure, effectively confining its energy to very small volumes and thus
leading to high power densities and high quality (Q) factors. WGM resonators have
thus found a wide range of applications as filters, lasers, modulators and
sensors [60]. WGMs in a circular resonator can be both excited and interrogated
using a thin fiber taper placed in close proximity to the resonator. The excitation
of WGMs causes a series of dips in the spectrum of the light transmitted through
the fiber taper. The spectral positions of the transmission dips are strongly
dependent on the geometry of the resonator, the optical properties of the resonator
material and on its effective refractive index (RI). Many of the WGM sensors
proposed operate by detecting the resonance frequency or wavelength (dip) shift
caused by the change of the RI of the medium surrounding the resonator due to the
presence of chemical or biological materials on the resonator surface or in the
surrounding solution [2, 61]. In addition, due to the fact that many liquids offer
tunable RIs and other unique optical properties, integrating such liquids with
circular micro resonators creates opportunities for novel WGM devices, e.g. liquid

crystal tunable filters, modulators, liquid dye lasers etc. Such devices and sensors
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face multiple design challenges due to the complexity of applying fluids onto the
surface of the resonator, poor mechanical stability and the need to protect the fluids
from evaporation. An alternative approach to the integration of liquids and WGM
resonators is encapsulation of the fluid within a solid cladding in the shape of a
tube, a bubble (bottle) or a hollow sphere. Recently White et al. introduced a liquid
core optical ring resonator based on a thin-walled glass capillary and demonstrated
theoretically and experimentally the possibility to detect the change in the RI of
the liquid core near the interior surface of the capillary [62,63].

In this work, a novel form of magnetic field sensor is proposed and demonstrated
experimentally for the first time, to the best of our knowledge. The sensor utilizes
WGMs excited in a short section of PCF infiltrated with a magnetic fluid. The
proposed sensor offers a competitive sensitivity to magnetic field measurement
compared to fiber optic sensors reported previously but with the advantage of

simpler design and fabrication.
4.2.2 Operational principles

The operating principle of the magnetic field sensor proposed in this work is as
follows. A short section of a solid core PCF acts as a cylindrical micro resonator
in which the WGMs are excited by evanescent coupling of light propagating
through a thin fiber taper placed perpendicularly and in direct contact with the
PCF. The cladding air holes of the PCF are infiltrated with a magnetic fluid whose
RI is sensitive to magnetic field. It is well known that spectral positions of the
WGM resonances for a particular resonator are determined by spatial distribution
of the refractive index inside the resonator body [2]. A general analytic solution to
describe the WGM spectra is difficult to obtain, although the structure of WGMs

have been studied numerically in [64]. Most WGM sensors studied in the literature
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are based on perturbation of the WGMs at the surface of the resonator, but in this
case the magnetic fluid, which is key to sensing magnetic fields, is within the body
of the resonator, not on the surface of the resonator. It has been found that higher
frequency WGMs excited in a micro resonator are mainly confined close to the
surface of the resonator (in the outer cladding of the PCF in this case), while the
lower frequency modes are located further from the surface of the micro
resonator [2].

In the proposed configuration the resonator is formed by a section of silica fiber
cylinder (LMA-10 PCF from NKT Photonics) which has a solid core with a radius
of 5 um, and a cladding with an outer radius of 62.5 um. The cladding has an outer
region formed by solid silica and an inner holey region formed by a periodic seven-
ring lattice of hollow capillaries surrounding the core and running through the
entire length of the fiber cylinder parallel to its axis. The hollow capillaries have a
diameter (d) of 3.04 um and are arranged in a triangular pattern so that d/a = 0.5.
Such a configuration can be approximately treated as a ring resonator formed by a
cylindrical silica wall with an outer radius of 62.5 pm and inner radius of ~ 45 pm.
When such a hollow fiber structure is used as a resonator, the effective refractive
index of the inner cladding is lower than that of the outer cladding (silica) and
WGMs form within the outer part of the fiber cladding with the evanescent field
extending toward the holey region of the cladding as illustrated in Figure 54(a).
With the increase of the holey region’s effective RI (due to infiltration with a
magnetic fluid (MF) or due to a further increase of the MF’s RI under the influence
of magnetic field), the WGMs are “pulled” towards the holey region (Figure
55(b)). This allows for an interaction between the MF and the WGMs evanescent

field, especially for the case of higher order modes.
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(b)

Figure 54. Schematic representation of WGMSs localization. (a) Inner cladding has low RI -
WGMs form at the outer wall and have evanescent field extending toward the inner (holey)
cladding region; (b) Inner cladding has higher RI - WGMs exist at both outer surface of the

fiber and in the vicinity of the holey cladding.

I. M. White et al. [62] and more recently, Y. Liu et al. [58] studied optofluidic ring
resonators (OFRRs) formed by silica capillaries both theoretically and
experimentally showing that while the WGMs were mainly confined in the silica
wall (which in the case of the work by Liu ef al. for example had a wall thickness
that approximates the silica outer cladding thickness in this work), the changes in

the radial distribution of WGMs are similar to the situation we describe above.

4.2.3 Experimental details, results and discussions

In our experiment a ~1.3 cm long section of LMA-10 PCF was used as a WGM
resonator. The protective polymer coating was removed from the fiber so that the
outer diameter was 125 um.

The air holes of the cladding of the sample were infiltrated with a MF. To allow
for comparison, two different MF types were used in two samples of PCF of the
same length. The two MFs (from Cytodiagnostics Inc.) contained 10- and 5 nm-
diameter water soluble iron oxide magnetic nanoparticles correspondingly, each
with a concentration of 5 mg/ml. The refractive indices of the MFs were measured

by an Abbe refractometer as 1.337 in both cases. Infiltration of the MF into the
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PCF was carried out using capillary forces at room temperature and pressure
conditions. For sensor interrogation, a fiber taper with a waist diameter of circa 1
um was fabricated from a short length of a single mode fiber (SMF-28) using the
customized micro-heater brushing technique described in [39].

Figure 55 illustrates experimental setup for the magnetic field sensor

characterisation.

Permanent magnet

Infiltrated

LMA-PCF

O
X/

‘ Positioners
\ J SMF

Figure 55. Schematic diagram of the experimental setup for the magnetic field sensor

Tapered fiber

¢

characterization.

The ends of the tapered fiber were connected to a superluminescent diode (SLD)
(Thorlabs) with a wavelength range of 1500-1600 nm and an OSA (Advantest,
Q8384) with a resolution of 0.01 nm. The magnetic field was generated by a
rectangular permanent magnet with dimensions of 2"x0.5"x 0.25". Magnetic field
strength was varied by changing the distance between the sensor fiber and the
magnet as indicated by arrows in Figure 55.

A gauss meter probe (RS, GM08) was used as a reference to measure the magnetic
field strength in the vicinity of the sensor fiber. One end of the PCF sensor fiber

was fixed on the translation stage with adjustable vertical position to allow for
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precise alignment perpendicularly and in direct contact with the tapered fiber to
achieve high coupling efficiency.

Figure 56 compares experimental data for a single WGM resonance in the
transmission spectra of the LMA-10 resonator recorded before and after its
infiltration with the MF containing 10 nm diameter nanoparticles and the
corresponding Lorentzian fitting curves allowing an estimate of the resonator’s Q-
factor. One can see that the value of Q-factor decreases after the infiltration as a

result of increased loss due to increased absorption in MF.
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Figure 56. Experimental data and their Lorentzian fitting for selected WGM resonances for
the spectra generated by an LMA-10 resonator without a ferrofluid and after its infiltration

with the MF containing 10 nm diameter nanoparticles in the absence of magnetic field.

The Q-factor, maximum extinction ratio and the free spectral range (FSR) of the
WGM spectra were estimated as 4.24x10%, ~10.63 dB and 4.82875 nm
respectively for the sample PCF infiltrated with an MF containing 5 nm diameter

nanoparticles. The corresponding values for the sample infiltrated with the 10 nm
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nanoparticles solution are 8.793x10%, ~7.61dB and 11.6999 nm respectively. The
Lorentzian fit used to estimate the Q-factor is illustrated in Figure 56.

Following initial characterization both samples were subjected to varying
magnetic fields by changing the distance between the permanent magnet and the
sample. Figures 57(a) and 57(b) illustrate the WGM spectra of both samples in the
absence of a magnetic field (black) and in the presence of magnetic (red) field in
each case. The corresponding magnetic field values were chosen in the higher
magnetic field range, close to the saturation.

It can be seen that under the influence of a magnetic field, both spectra experience
a red shift and an overall increase of the power level. For clarity only the two
extreme spectra corresponding to the minimum and maximum field values are
illustrated in Figure 57 for each of the samples with the respective WGM
resonances labelled with letters a, b, c, etc. The arrows in the figures indicate the
direction of the spectral shift with the increase of the magnetic field. It should be
noted that during the experiments changes in the spectral positions of the WGM
resonances corresponding to the variations in the applied magnetic field were
tracked to eliminate the possibility of ambiguity in the wavelength shift direction.
Figures 58(a) and 58(b) illustrate the dependencies of two selected WGM
resonances (WGM resonances at 1533.3nm and 1540.9nm labelled d in both
Figure 57(a) and Figure 57(b) respectively) versus the applied magnetic field. It
can be seen that as the applied magnetic field increases the WGM resonance
wavelengths increase at first, reaching saturation at values of the magnetic fields
above 40 mT and 50 mT respectively. The most likely reason for saturation is the
complete alignment of all magnetic nanoparticles with the applied field, which

results in no further changes in the refractive index as the field increases further.
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The maximum spectral shift values observed for each of the samples are 4.15 nm

and 1.66 nm respectively.
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Figure 57. (a) WGM spectra generated by the LMA-10 PCF infiltrated with the MF containing
5 nm diameter nanoparticles in the absence of magnetic field (0 mT) and at 38.7 mT; (b) WGM
spectra generated by the LMA-10 PCF infiltrated with the MF containing 10 nm diameter
nanoparticles in the absence of magnetic field (0 mT) and at 57.3 mT. The arrows indicate the

direction of the spectral shift with the increase of the magnetic field.
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Figure 58. Selected WGM resonance wavelength versus applied magnetic field: a) 5 nm

diameter nanoparticles sample and b) 10 nm diameter nanoparticles sample.

Variations in the extinction ratio of the WGM spectra versus applied magnetic field
are also shown in Figure 57(a) and 57(b). It can be seen that in both experiments
higher values of the magnetic field result in the decrease of the extinction ratio of
the WGM spectra and both dependencies saturate at higher field values.

The corresponding average sensitivities of the sensor samples estimated from the

experimental dependencies in Figure 58 are circa 110 pm/mT for the MF with 5
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nm diameter nanoparticles in the magnetic field range 0 to 38.7 mT and circa 43
pm/mT for the 10 nm- particles in the magnetic field range 0 to 57.3mT.

Figure 59 is an enlarged portion of the WGM spectra for a 10 nm-diameter MF
sample which illustrates the modes splitting in the vicinity of the fundamental
mode dips with the increase of the applied magnetic field [65], resulting from some
higher-order modes.

It should also be noted that magnetic field sensitivity depends significantly on the
properties of the magnetic fluid, e.g., the size of the nanoparticles. As can be seen
from the experiments the magnetic field sensitivity is higher for the sample based
on the MF containing smaller diameter nanoparticles. This fact points towards the
possibility of improving the sensitivity of the proposed structure by optimising the
properties of both the MF and PCF and thus further studies are required in order

to address this challenge
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Figure 59. Evolution of a single fundamental WGM dip under the influence of magnetic field.
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4.2.4 Conclusions

In conclusion this paper reports for the first time a novel type of magnetic field
sensor based on the WGMSs excited in a cylindrical micro-resonator formed by a
section PCF infiltrated with a MF. Perturbation of the RI of the MF under the
influence of the applied magnetic field results in the spectral shift of the WGM
resonances detectable in the transmission spectrum of the tapered fiber positioned
perpendicularly to the PCF micro resonator. The value of the applied magnetic
field is related to the WGM spectral shift assuming a suitable calibration has taken
place.

The experimentally demonstrated sensitivity of the proposed sensor is in the order
of 110 pm/mT. This value is comparable with the sensitivities of other fiber optic
sensors reported previously while the proposed sensor has the advantage of a
simpler fabrication.

Further studies are on-going in order to determine the influence of the MF
parameters on the proposed sensor performance and to improve the magnetic field

sensitivity.
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4.3 Magnetic field sensing using whispering-gallery
modes in a cylindrical microresonator infiltrated

with ferronematic liquid crystal®

Abstract: An all-fiber magnetic field sensor based on whispering-gallery modes
(WGM) in a fiber micro-resonator infiltrated with ferronematic liquid crystal is
proposed and experimentally demonstrated. The cylindrical microresonator is
formed by a 1cm long section of a photonic crystal fiber infiltrated with
ferronematic materials. Both ferronematics suspensions are prepared based on the
nematic liquid crystal 1-(trans-4-Hexylcyclohexyl)-4-isothiocyanatobenzene
(6CHBT) doped with rod-like magnetic particles in the first case and with
spherical magnetic particles in the second case. WGMs are excited in the fiber
microresonator by evanescent light coupling using a tapered fiber with a micron-
size diameter. The Q-factor of the microresonator determined from the
experimentaly measured transmission spectrum of the tapered fiber was
1.975x103. Under the influence of an applied magnetic field the WGM resonances
experience spectral shift towards shorter wavelengths. The experimentally
demonstrated sensitivity of the proposed sensor was -39.6 pm/mT and
37.3 pm/mT for samples infiltarated with rod like and spherical like ferromagnetic
suspensions respectively for a magnetic field range (0-47) mT. Reducig the
diameter of the cylindrical micro-resonator by tapering leads to enhancement of

the magnetic field sensitivity up to -61.86 pm/mT and -49.88 pm/mT for samples

8 A. lbrahim, V. Kavungal, S. Ahmed, P. Kopcanskya, V. Zavisova, G. Farrell, Y. Semenova,
“Magnetic field sensing using whispering-gallery modes in a cylindrical microresonator infiltrated
with ferronematic liquid crystal,” Optics Express, 25, 12195-12202 (2017).
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infiltrated with rod like and spherical like ferromagnetic suspensions respectively
for the magnetic field range (0-44.7) mT.
OCIS codes: (060.2310) Fiber optics; (060.2370) Fiber optics sensors; (060.4005)

Microstructured fibers; (140.4780) Optical resonators; (160.3710) Liquid crystals.

4.3.1 Introduction

Optical microresonators are axially symmetric structures that trap light in a small
volume in the form of WGMs. This effect occurs when light travels in a dielectric
medium of circular geometry. After multiple repeated total internal reflections at
the curved boundary, the electromagnetic field can close on itself and give rise to
WGM resonances. Such microresonators have been investigated for applications
in nonlinear optics, quantum electrodynamics, as optical filters, lasers and sensors
for several decades [2]. But only recently have advances in micro- and nano-
fabrication techniques made practical applications of micro-resonators with
physical dimensions in the order of optical wavelengths feasible. A wide range of
optical resonators, such as micro-spheres [66], micro-disks [67], micro-rings [68]
and cylindrical micro-cavities [69] have attracted significant interest from
researchers worldwide. By using silica which is a highly transparent, low
scattering loss material, WGM resonators with extremely high Q-factors and small
mode volumes can be realised. Optical micro-resonators have shown many
advantages in sensing applications due to their miniature size and high sensitivity
allowing for low detection limits [70-72]. Many of the previously reported WGM
sensors operate by detecting the shift in the resonant dips caused by the change of
the refractive index (RI) of the medium surrounding the resonator due to the
presence of chemical or biological materials on the resonator surface or in the

surrounding solution [17,61]. Several approaches proposed in the literature utilize
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liquid crystals or magnetic fluids to realise novel devices based on the WGMs.
Humar et al. reported electrically tunable WGM resonators made of nematic liquid
crystal droplets, embedded in a polymer matrix with the tunability of
approximately two orders of magnitude larger than that achieved in solid-state
micro-resonators [73]. Liu et al. infused a silica micro-capillary based ring
resonator with a magnetic fluid, into which a laser pump light was injected by a
fiber taper. Magnetic fluid strongly absorbes pump light which leads to a resonance
shift of the silica micro-resonator due to the photothermal effect, resulting in
tunning sensitivity of 0.15 nm/mW [58]. In this paper we report a novel magnetic
field sensor utilizing WGMs in a cylindrical fiber microresonator infiltrated with
a ferronematic LC. The sensor’s structure and operating principle are as follows.
A short section of a solid core photonic crystal fiber (PCF) acts as a cylindrical
micro resonator in which the WGMs are excited by evanescent coupling of light
propagating through a thin fiber taper placed perpendicularly and in direct contact
with the PCF. The holes of the PCF are infiltrated with a ferronematic liquid crystal
whose RI is sensitive to an applied magnetic field. Most WGM sensors reported
in the literature are based on perturbation of the WGMs at the surface of the
resonator, which in many cases leads to a poor stability of such resonators and
often requires additional packaging of the resonator surface. In this work a
ferronematic LC, which is key to sensing magnetic fields, lies within the body of
the resonator, which leads to an improved stability. It has been found that lower
order WGMs excited in such a micro resonator are strongly confined within the
surface layer of the fiber resonator (in the outer cladding of the PCF), while the
higher order modes expand further from the surface and into the body of the micro-

resonator [2].
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4.3.2 Experimental details

The fiber used in our experiments is the commercially available Polarization
Maintaining Photonic Crystal Fiber type PM-1550-01-PCF (Thorlabs). The fiber
structure has five rings of air-holes around its asymmetric solid core. The small
holes are ~ 2.2 um in diameter and the inter-hole spacing is ~ 4.4 um. The two
large holes defining the birefringent axis of the fibre have a diameter of 4.5 um.
The outside diameter of the fiber is 122 um an and the diameter of the holey region
is 39.7 um. Infiltration of the ferronematics liquid crystal in the 1 cm long section
of PM-PCF was carried out by dipping one end of the fiber into the ferronematic
suspension so that the liquid infiltrated the PCF holes under the influence of
capillary forces. The process was carried out at constant room temperature and
pressure conditions. Two samples of ferronematic liquid crystal mixtures have
been used in this work. Both ferronematics were based on the nematic liquid
crystal 1-(trans-4-Hexylcyclohexyl)-4-isothiocyanatobenzene (6CHBT); which
was doped with magnetic nanoparticles of different shapes: spherical and rod-like.
Both magnetic suspensions consisted of FezOs particles coated with oleic acid as
a surfactant. The nematic-to-isotropic phase transition temperature (the clearing
point) of the studied nematic was T =42.8 °C. The mean diameter of the
spherical magnetic nanoparticles was 11.6 nm. The rod-like magnetic particles had
a diameter of 80 nm, a mean length of 1200 nm and the volume concentration of
the nanoparticles in both suspensions was 2x10*. Figure 60 TEM images for
spherical and rod like ferronematic liquid crystal mixtures and optical microscope
images of the PCF before and after infiltration [73], and SEM image of the PM-

PCF cross section.
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Figure 60. TEM images of (a) spherical magnetic nanoparticles, (b) rod-like magnetic
nanoparticles, (c¢) polarizing microscope images of empty and infiltrated PCF in crossed

polarizers, and (d) SEM image of the PM-1550- 01-PCF cross section.

For the sensor interrogation, a fiber taper with a waist diameter of circa 1 pm was
fabricated from a short length of a single mode fiber (SMF-28) using the
customised microheater brushing technique [39]. The fiber tapering process was
controlled by a customized computer program which realized a synchronized
motion of two translation stages with fiber holders applying accurately calculated
strain to the SMF. Figure 61 illustrates the experimental setup for the magnetic
field sensor characterisation. A superluminescent diode (SLD) (Thorlabs) with a
wavelength range of 1500-1600 nm is coupled to a polarization controller
(DPC5500; Thorlabs) which in turn is coupled to the input end of tapered fibre,
the output of which is coupled to an OSA (Advantest, Q8384) with a wavelength
resolution of 0.01 nm. The magnetic field was generated by a rectangular
permanent magnet with dimensions of 2"x0.5"x 0.25". The magnetic field strength
was varied by changing the distance between the sensor fiber and the magnet as
indicated by arrows in Figure 61. A Gauss meter probe (RS, GM08) was used as
areference to measure the magnetic field strength in the vicinity of the sensor fiber.
One end of the PCF sensor fiber was fixed on the translation stage with an
adjustable vertical position to allow for precise alignment perpendicularly and

direct contact with the tapered fiber to achieve high coupling efficiency.
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Figure 61. Schematic diagram of the experimental setup for the magnetic field sensor

characterization.
4.3.3 Results and discussion

Figures 62 and 63 show the experimentally measured WGM transmission spectra
and the Lorentzian fit used to estimate the Q-factor for the two sample resonators
infiltrated with ferronematic LC containing rod-like and spherical particles

respectively in the absence of magnetic field and at room temperature.

As can be seen from the figures, the spectra contain periodic narrow dips
corresponding to the WGM resonances. The Q-factor for the PCF samples
infiltrated with ferronematic LC containing rod-like and spherical like particles are
1.975x10% and 1.628x102 respectively. The Q-factors are quite typical for this kind
of cylindrical resonators, and their relatively low values are determined by strong
scattering by the ferronematics and do not differ for the different kinds of

nanoparticles.
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Figure 62. Experimental WGM transmission spectra and corresponding Lorentzian fitting to
estimate the Q-factor for the sample resonators infiltrated with rod-like particles containing

ferronematic LC in the absence of magnetic field and at room temperature.

184



8.5

Transmission (dB)

(a)

12.0 i 1 " 1 4 1

1545 1550 1555 1560 1565
Wavelength (nm)

) ] ) Lk 1 % L) L3 )
95| g R <
-10.0 |- [ ] -
)
2
= L -
o 10.5
n
Q
E 11.0 = -
c
g B measured data
- Lorentzian fitting
15 f Q value=1.628x10° .
12.0 2 1 " 1 " ( I) 1 2 1
1557.5 1558.0 1558.5 1559.0 1559.5 1560.0

Wavelength (nm)

Figure 63. Experimental WGM transmission spectra and corresponding Lorentzian fitting to
estimate the Q-factor for the sample resonators infiltrated with spherical particles containing

ferronematic LC in the absence of magnetic field and at room temperature.

Following initial characterization both samples were subjected to varying
magnetic fields by changing the distance between the permanent magnet and the
sample, Figures 64(a) and 64(b) illustrate the changes in the WGM spectra for both

samples under the influence of different values of the applied magnetic field.

185



e OM T
e 4. 71T |
e 6.9MT M
| 9.6mT |4

15.8mT[]
e 17 21|

26.9mT]]
e 30.2mT|J
e 37mT |
e 44 2mTH
’) e 47mT

Transmission (dB)

(@ 7]
" 1 i
1550 1555 1560 1565 1570 1575 1580
Wavelength (nm)

Transmission (dB)

J7: ) N U N NP NN MU [PUN NN NI R |
1546 1548 1550 1552 1554 1556 1558 1560 1562 1564

Wavelength (nm)

Figure 64. WGM spectra at different values of the applied magnetic field for the PM-1550-

01-PCF infiltrated samples with (a) rod-like and (b) spherical particles.

It can be seen that with an increase in the magnetic field strength, both spectra
experience blue shifts and changes in the overall transmission loss level. The
arrows in the figures indicate the direction of the spectral shift with the increase of
the magnetic field strength. It should be noted that during the experiments, changes
in the spectral positions of the WGM resonances corresponding to the variations
in the applied magnetic field were accurately tracked to eliminate the possibility

of ambiguity in determining the wavelength shift direction. As expected, an
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increase in the applied magnetic field results in the changes of the effective
refractive index of the ferronematic-filled fiber cladding, which via interaction
with the evanescent field of the WGM leads to the observed blue-shift of the
spectral positions of WGM resonances. The apparent increase in the transmission
loss for both samples in Figure 64 is likely due to the increased light scattering
within the ferronematic LC since at higher values of the magnetic field, greater
portion of the WGMs volume overlaps with the ferronematic filled region of the
microresonator.

Figures 65(a) and (b) illustrates the dependencies of the two selected WGM
resonances (at 1560.4 nm and 1558.8 nm for rod-like and spherical particles
containing samples respectively) versus the applied magnetic field value. It can be
seen that as the applied magnetic field strength increases the WGM resonant
wavelengths decrease linearly at first, reaching saturation at values of the magnetic
field above 50 mT and 45 mT for the rod-like and spherical samples respectively.
The most likely reason for saturation is the complete re-alignment of all magnetic
nanoparticles with the applied field, so that no further changes in the effective
index of refraction occur as the magnetic field increases further.

The maximum spectral shift values observed for each of the samples are -2 nm and
-1.6 nm for the rod-like and spherical particles samples respectively. The
corresponding average sensitivities of the sensor samples estimated from the
experimental dependencies in Figure 65 are circa -39.6 pm/mT and -37.3 pm/mT

in the magnetic field range 0-50 mT.
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Figure 65. Dependence of selected WGM resonant wavelengths and extinction ratio versus
applied magnetic field: (a) rod-like particles containing sample and (b) spherical particles

containing sample.

From the results we observed that the sensors where the PCF is infiltrated with a
rod-like ferronematic liquid crystal sample are more sensitive to a magnetic field
than those where the PCF is infiltrated with spherical like ferronematic liquid
crystal sample. This is likely due to the dependence of the magnetic susceptibility
on the nanoparticles morphology; doping with suspension containing particles

with similar shape to the liquid crystal molecules (as in rod-like ferronematic
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liquid crystal) will result in lowering of the Fréedericksz transition threshold, as
the applied field will more easily rotate the magnetic moments of the magnetic
particles inside the ferronematic suspension. This realignment or rotation effect
could then be extended to the host nematic through the coupling between the
nanoparticles and the liquid crystal molecules. The realignment of the host nematic
was assumed to be entirely determined by the ferromagnetic properties of the
nanoparticles (not affected by the intrinsic diamagnetic properties of the nematic),
since the theory of Brochard and de Gennes predicted a rigid anchoring with n ||
m, where n is the unit vector of the preferred direction of the nematic molecules
(director), and m is the unit vector of the magnetic moment of the magnetic
particles [74]. Since the operating principle of the proposed sensor relies on the
influence of the effective index of refraction in the PCF holey region on higher
order WGMs excited in such a cylindrical resonator, it is reasonable to assume that
decreasing the diameter of the PCF resonator could result in the increase of its
sensitivity to the applied magnetic field. To verify this assumption, we carried out
an additional experiment for a similar sensor structure but in this case the PCF

diameter was reduced down to 50 um by tapering as shown in Figure 66.

Figure 66. The SEM image of the cross section of 50 um tapered PM- 1550-01-PCFs.
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The minimum diameter of 50 pum was chosen in order to prevent collapse of the
air holes within the cladding.

Following the tapering the cylindrical resonators were infiltrated with the same
ferronematic LC samples as in the previous experiments, Figure 67 illustrates the

selected WGM resonances as functions of the applied magnetic field.
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Figure 67. Selected WGM resonance wavelength versus applied magnetic field for the tapered

sensors (50 pm diameter): (a) rod-like particles sample and (b) spherical particles sample.
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Analysis of the obtained results shows an increase in the sensitivity to -
61.86 pm/mT for the sensor with the rod-like ferronematic LC and to -
49.88 pm/mT for the spherical ferronematic LC sample respectively in the
magnetic field range from 0 to 48.8 mT. It should be noted, that a small non-
linearity of the resonant wavelength shift at low values of magnetic field for the
rod-like sample (Figure 67(a)) could be caused by a small reduction in the fiber
cladding holes diameter due to tapering. This in turn may raise the value of the
Fréedericksz transition threshold when the length of the rod-like particles becomes

comparable with the diameter of cladding holes.

4.3.4 Conclusions

This paper reports a new type of a magnetic field sensor based on WGMs excited
in a cylindrical micro resonator formed by a section of PM-01-1550-PCF
infiltrated with a ferronematic LC. Perturbation of the RI of the magnetic fluid
under the influence of the applied magnetic field results in the spectral shift of the
WGM resonances detectable in the transmission spectrum of the tapered fiber
positioned perpendicularly to the micro-resonator. The experimentally
demonstrated sensitivity of the proposed sensor is in the order of -39.6 pm/mT for
the sensor infiltrated with the rod-like and -37.3 pm/mT for the spherical particles
containing ferronematic LC respectively. Reducing the diameter of the cylindrical
micro-resonator by tapering leads to enhancement of the magnetic field sensitivity
up to -61.86 pm/mT for the sensor infiltrated with the rod-like and -49.88 pm/mT

for the spherical particles containing ferronematic LC respectively.
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Chapter 5

Coupling of multiple WGM
microresonators for novel sensing

applications

Optical sensors and tunable devices based on a single WGM micro- resonator were
discussed in the previous chapters. This chapter focuses on coupling of multiple
WGM micro-resonators to a single optical fiber. Development of an efficient and
robust solution to this problem could open the way to multi- parameter and quasi-
distributed sensing with WGM micro-resonators. This chapter presents an
investigation of the proposed novel configuration based on inline cascaded optical
microresonators (ICOMRs). The proposed sensor configuration allows for
simultaneous measurement of different parameters (strain, temperature, humidity
etc.) using individual WGM resonators coupled to a single optical fiber. The
measurement of multiple parameters can be realized by analysing the composite
output transmission spectrum. This in turn eliminates the need for multiple light
sources and detectors that would be required in a conventional multi-parameter
sensor system.

A detailed description of fabrication and packaging of the ICOMRs and
demonstration of multi-parameter sensing are presented. Additional micro-
resonators in the proposed ICOMR structure can be used to eliminate cross-
sensitivity to other environmental influences such as temperature, humidity, air

flow etc.
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5.1 Packaged inline cascaded optical micro-resonators

for multi-parameter sensing®

Abstract: A novel design principle and fabrication method for whispering gallery
mode optical multiple-resonator arrays have been proposed and demonstrated. The
proposed design involves an inline cascade of optical micro-resonators (I(COMRSs)
coupled to multiple tapered sections along a single optical fiber. The multiple
micro-resonators can be used for sensing of several parameters or a single
parameter at multiple locations simultaneously. A simple and robust packaging
technique has been developed ensuring stable and repeatable operation of the
device. In order to demonstrate the capability of simultaneous multi- parameter
sensing of the proposed ICOMRS structure, strain and temperature measurements
were carried out using an inline cascade of two cylindrical micro-resonators: a
tapered polymer optical fiber based micro-cylinder and a polydimethylsiloxane
coated silica cylindrical micro-resonator. An Axial tensile strain sensitivity of 1.4
pm/pe and temperature sensitivity of 330 pm/°C have been demonstrated
experimentally. The proposed ICOMRs design has many potential applications in
distributed sensing, lab-on-a-fiber technology and optical communications.

Key words: Microcavity devices; Fiber optics sensors; Microstructured fibers;

Multisensor methods.

OCIS codes: (140.3948) Microcavity devices; (060.2370) Fiber optics sensors;

(060.4005) Microstructured fibers; (150.4232) Multisensor methods.

° V. Kavungal, G. Farrell, Q. Wu, A. K. Mallik, C. Shen and Y. Semenova, “Packaged inline
cascaded optical micro-resonators for multi-parameter sensing,” paper in preparation.
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5.1.1 Introduction

Multiplexing of whispering gallery mode (WGM) micro-resonators has been a
field of extensive research for almost three past decades. There have been
numerous planar integrated multiple ring resonator devices developed for various
applications including optical add/drop multiplexers in optical communications [1-
4], optical delay lines [5-7], devices for management of dispersion and pulse
distortion [8, 9] etc. Free-space WGM microresonators have also become a popular
choice in many applications after J. C. Knight ef al. showed in 1997 that high-Q
WGMs could be easily and efficiently excited in micro-spherical resonators by an
adiabatic optical fiber taper [10]. Other than tapered fiber coupling to a single free
space micro-resonator, other coupling schemes, often involving multiple
resonators, have been considered for various applications. For example, a study of
induced transparency and absorption was performed using two coupled micro-
spheres in [11]; optical pulse propagation experiments were reported with two
coupled micro-spheres of different sizes for demonstrating the classical analogy of
extremely slow light in [12]; high-Q WGMs in two coupled spheres were used to
calculate optically induced attractive and repulsive forces in [13] and an optical
waveguide design was reported using chains of dielectric micro-spheres in [14].
More recently, a theoretical study of a serially-coupled double micro-sphere
system was carried out with the objective of reducing the number of non-
fundamental resonances and achieve higher resonant frequency spacing [15].
However, the above structures suffer disadvantages such as increased attenuation

and limited fabrication tolerances.

An experimental study of multi-resonators coupled by a single tapered fiber for

optical sensing application was for the first time reported by F. Vollmer ef al. [16].
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In their study, a sensor structure with two spherical micro-resonators coupled to
the waist portion of a single tapered fiber was used for multiplexed DNA detection
and to discriminate a single nucleotide. M. Sumetsky et al. [17] reported a similar
structure using double liquid core optical ring resonators to fabricate a temperature
and pressure compensated microfluidic optical sensor. Furthermore, achieving
optimal phase matching for more than one micro-resonator with the same waist
diameter taper is difficult. This results in a limit on the number of micro-resonators
in an array with the consequence that such structures had been rarely explored for
multi-parameter sensing even though WGM sensors could offer very high
measurement resolution due to their high-quality factors, low mode volumes and
the high sensitivity of WGMs to external perturbations. In this article we for the
first time propose a novel design principle for an inline cascaded optical micro-
resonators (ICOMRs). A simple and robust fabrication method for the ICOMRs
structure has also been developed and is demonstrated experimentally for

simultaneous sensing of strain and temperature.
5.1.2 Fabrication of the proposed ICOMRs

The proposed ICOMRs approach involves fabrication of several tapered sections
along the length of a single fiber for coupling of several optical micro-resonators.
Evanescent light fields surrounding the fabricated tapered sections of the fiber are
utilized for exciting WGMs in the individual resonators. It should be noted that
each tapered fiber section is coupled to a single resonator only to allow for the
appropriate selection of the diameter of each tapered section so as to achieve phase
matching with its corresponding resonator for maximal coupling efficiency. The
resulting transmission spectrum of the tapered fiber contains combined WGM

spectra for the entire cascade of coupled resonators, so that multiple micro-
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resonators can be used for sensing of several parameters simultaneously or sensing
of parameters at multiple locations. Since the losses within the untapered portions
of the fiber are relatively low, the distances between the cascaded inline resonators
have negligible effect on the overall transmission spectrum. The proposed
cascaded inline system of coupled micro-resonators offers a quasi-distributed
measurement capability along the length of the coupling fiber, whose length could
be varied in principle from a few centimeters to several kilometers. A useful
packaging technique is also proposed to make the device mechanically stable. The
potential applications of the ICOMR are in multi-parametric and distributed
sensing, in studies of sensors’ cross-sensitivity, for lab-on-a-fiber technology, in

optical coding and the design and fabrication of optical logic gates etc.

The micro-resonators in our experiments were prepared from short sections of a
standard coating-stripped silica fiber (SMF-28) and a polymer optical fiber (POF).
The choice of the cylindrical structure as a resonator geometry in our study is due
to its simplicity of fabrication and due to the fact that the alignment for optimal
coupling of the excitation light with the cylindrical resonator depends on only one
angular degree of freedom, as opposed to two for experiments involving micro-
spheres. In practice the original diameters of SMF-28 and POF (125 pm and 490
um respectively) would result in a very small free spectral range (FSR), but larger
FSRs are desired for achieving wide measurement ranges for sensors based on
such WGM resonators. Thus, in order to reduce the diameters of the source fibers
used for the resonators down to more suitable values, the original commercial

fibers were tapered using a customised micro-heater tapering setup [18].
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5.1.3 Initial Feasibility Experiments

As an initial feasibility experiment, a number of similar cylindrical silica micro-
resonators were fabricated and then coupled and packaged with a single multi-
taper fiber and subsequently the resulting spectral characteristics were
investigated. The purpose of this experiment was not to demonstrate multi-
parameter sensing but rather to show that coupling could take place to multiple
resonators and that the spectral dips of the individual resonators are

distinguishable.

Firstly, as an illustration of the proposed packaging method for an ICOMRs, Figure
68(a-c) shows schematically the main fabrication steps for a cascade of three inline
resonators. As a first step of the packaging process, shown in Figure 68(a), the
prepared micro-cylinders (MR1, MR2, and MR3) are attached on to three different
glass substrates at a height of ~1 mm above the glass surface using a UV- curable
glue. The lengths of all three microcylinders were ~20 mm. The tapered optical
fiber used for coupling was fabricated using the same fiber tapering setup used for
the SMF-28 based micro-cylinder diameter reduction. Next, to fabricate a triple
ICOMR, three tapered portions (Taper-1, Taper-2, and Taper-3) are fabricated
along the length of a single optical fiber, as shown in Figure 68(b). The total length
of the silica fiber was about 2 meters. Tapering of the silica fiber down to diameter
of 1.3 pm at three different positions results in the overall loss of 3.6 dB (measured

after the tapering).

In order to maximize the coupling efficiency between the fabricated tapered optical
fiber and the cylindrical micro-resonators, each of the prepared cylindrical micro-

resonators shown in Figure 68(a) was in turn fixed on a translation stage with an
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adjustable 3D-positioner. Using the vertical positioner, the micro-cylinder was
brought in contact with the tapered fiber to excite the WGMs. It should be noted
that due to the difficulty in manipulating the thin and fragile tapered silica fibers,
this step was carried out while the corresponding portion of the fiber containing
the tapered section was still secured horizontally between the two translation
stages of the taper-drawing setup after its fabrication. The two ends of the tapered
fiber were connected to a super luminescent diode (SLD) (Thorlabs) with a
wavelength range of 1500-1600 nm and an optical spectrum analyzer (OSA)
(Advantest, Q8384) with a resolution of 0.01 nm. To maximize the light coupling
efficiency, the micro-cylinder must be placed orthogonally and in direct physical
contact with the fiber taper waist. After achieving the physical contact with the
tapered fiber, the micro-cylinder was slowly moved along the taper axis using a
micro-translation stage while maintaining physical contact and a mutually
orthogonal orientation. During this process, the transmission spectrum of the taper
was observed at the OSA screen to determine the optimal position of the contact
point, corresponding to the phase match between the propagating mode of the fiber
taper and the fundamental WGM of the micro-cylinder. After achieving the desired
WGM spectrum quality, both ends of the tapered fiber were glued to the glass
substrate using a UV curable epoxy as shown in Figure 68(c). The same steps were

repeated with the other two micro-cylinder-tapered fiber portions.

In the transmission spectrum of such an array of WGM micro-resonators each
resonator must have its own unique family of spectral dips. Therefore, during the
second and third resonator coupling steps, spectral overlaps of WGMs due to the
previously coupled resonators must be avoided. This can be achieved by either

using resonators with deliberately different diameters fabricated by the tapering
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process or alternatively relying on the fact that the limitations of the tapering
process means that tapers with slightly different diameters are naturally generated
anyway, typically differences are less than one micron which is sufficient to ensure
adequate spectral separation. Figure 68(c) is a schematic of a packaged triple-
cylindrical resonator array. The robustness of the packaged system was confirmed
by testing the device in the presence of strong vibrations by placing it on a

mechanical vibration generator as explained in [19].

SMF-28 TOQOSA
UV-Glug, | | [MR1+MR2+MR3
§ 1 ) £ T[T
.E [«] -
_3: Y ‘Taper 3‘ ?;.‘; _4;;.:-,
'fe _ofo _ofo o = £
2 — 5 00 P==0 P==0 3
b Taper-1 8 g.
- ﬁ =
-
oo
MR1| | MR2| |MR3 \ = l\ fﬂ‘ 0
I MR-1" MR-z'" MR-3"
-
Light from SLD

(@) (b) (c)

Figure 68. Schematic diagrams illustrating the ICOCR packaging steps: (a) cylindrical micro-
resonators attached to glass substrates; (b) three tapered sections fabricated along the single

optical fiber and (c) packaged ICOMR formed by three resonators.

Finally, the spectral characteristics of the fabricated ICOMRs are investigated.
Figures 69(a) & (b) show the WGM spectra for the different packaged ICOMRs,
illustrating their additive nature. Figure 69(a) shows the WGMs observed in the
transmission spectrum of the double ICOMR. In Figure 69(a), the individual
WGM spectra and that for an ICOMR formed by two cylindrical micro-resonators
with slightly different external dimeters around 20 pm. The difference in diameter
for the two resonators is a natural result of the limitations of the tapering process,

as mentioned earlier. Figure 69(b) shows the WGM spectra for the individual
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cylindrical micro-resonators in an ICOMR formed by three cylindrical micro-
resonators with slightly different external diameters around 15 pum and the

resulting composite ICOMR spectrum.
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Figure 69. Transmission spectra for ICOCRs formed by (a) two ~ 20 pm diameter resonators
and (b) three ~ 15 um diameter resonators. Each graph illustrates the individual and combined

WGM spectra.

5.1.4 Multi-parameter sensing using ICOMRs

In order to demonstrate sensing of different parameters simultaneously at multiple
locations using the proposed ICOMRs structure, a new experimental ICOMRs was
fabricated using a polydimethylsiloxane (PDMS) coated silica micro-resonator
and a tapered POF micro-resonator, following the method illustrated in Figure
68(a-c). The PDMS coated silica micro-resonator and the tapered POF micro-
resonator served for temperature and strain measurements respectively. PDMS
material was chosen for the coating of the silica micro-cylinder due to its low
attenuation loss, good chemical stability and large thermo-optic coefficient [19],
while a POF micro-cylinder was chosen for strain sensing because of its large
elastic modulus compared to silica fibers [20-22].

The PDMS coating was prepared as a solution with a base to curing agent ratio of
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5:1. Coating a 10 um diameter silica microcylinder with the prepared PDMS
solution resulted in a bottle-shaped structure [23], in effect a cylinder with a
distinct bulge toward the cylinders centre point, most probably due to the viscosity
and the surface tension of the applied solution. A photo of the structure using an
optical microscope is shown in Figure 70. After application of the coating, the
micro-resonator was cured at 80 °C for 30 minutes and then at room temperature
(20 to 26 °C) for further 24 hours. The WGM spectrum resulting from coupling to
the bulge equator showed densely spaced high Q-factors modes but was highly
sensitive to mechanical vibrations and thus was deemed not suitable for packaging.
A more stable spectrum resulting from coupling to the neck of the bottle was
selected for further packaging of the resonator. The thickness of the PDMS coating
layer at the neck region was estimated using optical microscopy to be circa 3.36

um. The Q-factor of the modes was estimated as 1.1x10%.

Figure 70. Optical microscope image of PDMS coated micro-fiber. One division of the scale

in the image is equaling to 1.67 um.

A POF micro-fiber with a diameter of circa 15 pm was prepared by heat and pull
technique from a standard POF (GPOF 62, Thorlabs) of 490 um diameter. The Q-
factor of the resonant modes due the tapered POF cylindrical micro-resonator was

7x10%. Packaging of the strain sensor based on the POF tapered micro-cylinder

was achieved as explained in [20]. Figure 71 shows the WGM spectra excited by
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the individual resonators (PDMS-coated and POF) as well as the resulting

combined ICOMR spectrum.
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Figure 71. WGM spectra for the PDMS-coated micro-resonator, POF micro-resonator and the

resulting ICOMRs.

After the ICOMR fabrication, a series of experiments was carried out by placing
the two sensors circa one meter apart from each other. The one-meter separation
was chosen to demonstrate that sensing can not only take place for two different
physical quantities but also at two different points. The PDMS-coated resonator
was mounted at the top of a temperature-controlled hot stage, and its temperature
was gradually increased from room temperature (25 °C) to 45°C in 2°C steps. The
temperature of the hot stage was measured by a thermocouple with a 0.1°C
measurement resolution. Tensile strain was applied to the POF micro-resonator by
axial elongation with a step of 0.01 mm using a translation stage with a resolution
of 10 um as explained in [20-22]. To avoid the influence of temperature on the
POF micro-resonator it was placed inside an environmental chamber maintaining
constant room temperature, facilitated also by the 1-meter separation of the

sensors. The sensing length of the POF micro-resonator was 70 mm (the distance
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between two fixed ends). The resulting spectral changes were recorded using an
OSA.

Figure 72 shows the experimental transmission spectra of this [ICOMR recorded at
different increasing temperatures and strains applied to the respective micro-
resonators. In the figure, one of the groups of WGM troughs associated with the
PDMS-coated silica micro-resonator is labelled ‘PDMS-WGM’ and the resonant
trough due the POF micro-resonator is marked as ‘POF-WGM’. It can be seen
from the figure that an increase in temperature results in a blue shift of the PDMS-
WGM troughs and an increase the applied axial strain also leads to a slight blue

shift of the ‘POF-WGM’ spectral dip.
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Figure 72. Transmission spectra of the ICOMR at different temperatures and applied strain

values.

In more detail, Figure 73(a) & (b) illustrate the measured dependences of the
spectral positions of selected WGM resonances associated with each of the micro-
resonators as functions of the applied axial strain and temperature with the
corresponding linear fittings. The PDMS-WGM troughs experienced a total

spectral blue shift of 6.47 nm within the given temperature range resulting in
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estimated sensitivity of 330 pm/°C. By way of justification, the large blue shift for
the PDMS-WGMs is likely due to the large negative thermo-optical coefficient of
the PDMS material (-1.8x10#) [19]. The POF-WGM experienced a total spectral
shift of 0.99 nm within the studied tensile strain range from 0 to 714 pe with a
sensitivity of 1.4 pm/pe due to the combined effect of the decrease in diameter and

changes in the refractive index of the resonator as explained in [20-22].
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Figure 73. Spectral shift of selected resonance troughs for (a) POF micro-cylinder vs. applied

strain and (b) PDMS-coated silica micro-cylinder vs temperature.

5.1.5 Conclusions

In summary, an ICOMR coupled to a single optical fiber with multiple tapered
sections has been proposed and demonstrated for the first time. Evanescent fields
from the various tapered portions along the fiber are used to excite the WGMs in
the corresponding individual micro-resonators. The inline cascade of multiple
“resonator-tapered fiber” pairs has an output transmission spectrum where the
families of WGM spectral dips produced by each of the individual coupled
resonators can be clearly observed. Fabrication of the tapered fibers and micro-
cylinders was carried out by the micro-heater brushing technique. The proposed
packaging technique provides mechanical stability and makes the device more

portable. To demonstrate multi-parameter sensing using the proposed ICOMR
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structure, simultaneous measurements of strain and temperature were carried out
for an ICOMR formed by POF based and PDMS-coated silica cylindrical micro-
resonators. An axial tensile strain sensitivity of 1.4 pm/pe and a high temperature
sensitivity of 330 pm/°C were demonstrated. This initial study indicates that the
proposed inline resonator structure is promising for many photonic applications
such as distributed sensing, cross-sensitivity studies, lab-on-a fiber technology,

optical coding and optical logic gates, etc.

5.2 Temperature compensated strain sensor based on an

inline cascade of optical microresonators®®

Abstract: We demonstrate a dual capillary tube based inline cascaded optical
microresonator (ICOMR) strain sensor for applications where a small sensor foot
print is required. The device is capable of accurate strain measurements with
temperature compensation. At constant temperature the strain sensitivity of the
device is 3.3 pm/pe. The temperature induced red shift of the resonant wavelength
during the strain measurement is circa 0.24 nm when temperature increases from
30.8 to 47°C. Additional microresonators in the proposed ICOMR structure can be
added and used to eliminate cross-sensitivity to other environmental influences

(humidity, air flow) or to realise multi-parametric or quasi-distributed sensing.

OCIS codes: (140.3945) Microcavities; (140.3948) Microcavity devices;

(060.2370) Fiber optics sensors.

10V, Kavungal, G. Farrell, Q. Wu, A. K. Mallik, and Y. Semenova, “Temperature compensated
strain sensor based on an inline cascade of optical microresonators,” Proceedings of International
Conference on Fiber Sensors (OFS 26) (Poster presentation).
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5.2.1 Introduction

Optical devices based on whispering gallery modes (WGMs) effect in dielectric
micro resonators (MRs) are a promising technology due to the very high sensitivity
of the WGMs spectral positions to geometrical dimensions and refractive index of
a MR [24]. The WGMs spectrum is sensitive to temperature, strain, pressure,
electric, or magnetics fields acting upon the MR since all these factors could
influence the cavity’s refractive index, or diameter, or both. For example,
application of an external stress or strain to the MR leads to changes in the cavity’s
geometry as well as its refractive index. These changes result in a spectral shift of
the optical modes of the device within the range of up to several THz [25]. There
are many reports concerning WGM strain sensing using spherical, bubble, and as
well as cylindrical MRs based on silica or polymer materials. Unfortunately, the
exceptional sensitivity of the WGM resonator’s optical properties to the changes
in its geometry and refractive index typically leads to significant temperature
dependence due to thermo-optic and thermal expansion properties of the
resonator’s material. So that elimination or compensation of the temperature
dependence is usually required for WGM based sensors. Multiple approaches to
elimination of the temperature cross-sensitivity in such sensors have been
proposed. For example, one technique involves coating a MR made from a
polymer with a positive thermos-optic coefficient with a layer of a negative
thermo-optic coefficient polymer material [26] or by filling it with a negatively
thermo-optic liquid [27]. However, while such methods allow to significantly
reduce the temperature dependence, a complete elimination of temperature
dependence is not possible. In addition, such methods increase the complexity of

sensors design. In this report we propose and experimentally demonstrate a novel

215



temperature compensated WGMs resonator-based strain sensor fabricated using

two inline cascaded optical microresonators (ICOMR).

Cascades of parallelly and serially coupled WGMs microresonators with channel
waveguide couplers [28] as well as tapered fiber coupled resonator systems [29]
were reported for various applications. We believe that design and fabrication
principles proposed here have several advantages in comparison with those for
other multi-resonator structures. Firstly, as compared to the channel waveguide
light couplers, the tapered fiber coupled system involves simpler fabrication
process and potentially lower cost. Secondly, as seen in the reports for channel
waveguide and tapered fiber coupled filters, fabrication of closely packed
(integrated) microresonators leads to cross coupling between their WGMs, so that
this kind of devices is not suitable for applications that require observing
independent WGM spectra, such as multiparametric, distributed sensing or cross-
sensitivity studies. Finally, as reported by F. Vollmer et al. [16] and M. Sumetsky
et al. [17], two micro-resonators can be coupled using a waist portion of a single
tapered fiber, which requires a substantial length of the uniform tapered waist
section. Moreover, it is difficult to achieve the phase matching between the tapered
fiber and the microresonators of different diameters in a system with more than
one resonator and a single fiber taper. All these difficulties can be addressed in the

proposed ICOMR structure.

5.2.2 Fabrication of the ICOMR based strain sensor

The proposed ICOMR comprises two cylindrical capillary tube microresonators
coupled to two tapered portions of a single fiber separated by un-tapered fiber

sections. The transmission spectrum of the coupling fiber contains WGM resonant
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dips corresponding to each of the individual resonators. The evanescent light fields
surrounding the fabricated tapered sections of the fiber are utilized for exciting the
WGMs in the individual capillary tube resonators. It should be noted that each
tapered fiber section is coupled to a single resonator only to allow for the
appropriate selection of the diameter of each taper to achieve phase matching with

its corresponding resonator for maximal coupling efficiency.

The microresonators in our experiments were prepared from short sections of silica
capillaries (OD 850 pum, ID 700 um; Polymicro Technologies). The choice of the
cylindrical capillary tubes in our study was due to their better elastic modulus and
strain sensitivity in comparison with solid silica fibers. In practice the 850 um
original diameter of the silica capillary tube would result in a WGM spectrum with
a very small free spectral range (FSR). A larger FSR is desirable in order to achieve
a wider measurement range for a sensor based on a WGM resonator. Reduction of
the silica tube diameter can be realized by heating and stretching of the tube, a
process that also reduces the wall thickness of the capillary thus increasing the
sensitivity of the outer diameter of the capillary to longitudinal strain. Thus, as a
preliminary step, in order to reduce the diameter of the capillary based resonator
to a suitable value, the original commercial capillary tubes were tapered using a
ceramic micro-heater fiber tapering setup [18].

At the next step two tapered fiber portions were made (Tapered fiber-1, and
Tapered fiber-2) along the single optical fiber using the same fiber pulling setup
that was used for the MRs’ fabrication. The waist diameters of the fabricated fiber
tapers were ~ 1.3 um. The experimental setup for studies of the temperature
compensated WGM strain sensor based on the ICOMR with two resonators is

shown schematically in Figure 74(a). The evanescent light coupling to the micro
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cylinders (MR1 and MR2) was achieved with the fiber tapers placed in close
contact with the capillary tube microresonators. The input end of the fiber was
connected to a super luminescent diode (SLD) (Thorlabs), with a wavelength range
of 1500-1600 nm. Light from the SLD was passed through a three-paddle manual
polarization controller and the output of the fiber was connected to the Optical

Spectrum Analyzer (OSA) (86142B, Agilent).
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Figure 74. (a) Schematic diagram of the experimental setup. (b) Transmission spectra of the

ICOCR and each of the MRs separately.

5.2.3 Strain measurement

As illustrated in Figure 74(a), in order to apply the strain to one of the resonators
in the proposed ICOMR, the MR acting as the strain probe (MR1) was
immobilized with a fiber holder with its other end attached to a micro translation
stage with a resolution of 10 um. The length between the two fixed points of the
MR1 is considered as the sensing length. Here the sensing length of the resonator
was set to 63 mm. The second MR which acts as the temperature probe (MR2) was
attached on to a glass substrate at a height of ~1 mm above the glass surface using
a UV- curable glue (Figure 74(a)) and placed in a close proximity to MR1. The

total length of the MR2 was 20 mm. Diameters of both the MRs were circa 20 um.
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To maximize the light coupling efficiency, the MRs must be placed orthogonally
and in direct physical contact with the fiber tapers waists. As explained in our
previous work [22], after achieving the physical contact with the tapered fiber, the
microresonator was slowly moved along the taper axis using a micro-translation
stage while maintaining physical contact and a mutually orthogonal orientation.
During this process, the transmission spectrum of the taper was observed at the
OSA screen to determine the optimal position of the contact point, corresponding
to the phase match between the propagating mode of the fiber taper and the
fundamental WGM of the capillary tube resonator. After achieving the desired
WGM spectrum quality, MR2-Taper 2 coupled system was packaged on the glass
substrate by gluing both ends of the Tapered fiber-2 to the glass substrate using a
UV curable epoxy. The MR1-Taper 1 coupled system was not packaged since it
was used as a strain probe. As shown in Figure 73(b), the resulting transmission
spectrum of the ICOMR contains combined WGM spectra for both coupled
microresonators. Since one tapered portion is coupled with only one resonator

there is no cross coupling between the WGMs of the two resonators.

The breaking point of the capillary tube resonator in the current experimental set
up was estimated as circa 2380p.e (corresponding to a 0.24% axial elongation). To
characterize the strain sensing performance of the proposed sensor structure, the
strain was decreased from a pre-strained sensor probe (MR1) by moving the
translation stage with a step of 10 pm (corresponding to an axial strain decrease of
159 pe or 0.016% decrease of the capillary tube elongation) in a direction towards
the fixed end. After each step of the strain change, the WGM spectrum of the
ICOMR was recorded using the OSA. Figure 75(a) shows the selected part of the

ICOMR spectrum which includes the WGM resonances associated with both MR1
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and MR2. Here one can see that for each step of the strain decrease, the WGM
resonance trough from the resonator MR1 shifts towards the longer wavelengths
side of the spectrum (red shift) and the resonance trough from the resonator MR2
remains unchanged during the entire experiment. For better clarity Figure 75(b)
shows the plot of experimentally measured WGM resonant wavelengths
associated with both resonators (MR1 and MR2), as functions of the applied strain.
The maximum shift experienced by the selected WGM trough from MR1 due to
axial strain decrease of 1429 ue (0.14% decrease in the axial elongation) was 4.4
nm. The spectral shift of the WGM resonant wavelength is a result of the combined
effect of changing diameter and changing refractive index of the resonator.
Changes in the fiber dimensions result in changes in the material density with the
corresponding induced changes in its refractive index. Since the experiment was
conducted at constant temperature, the WGM trough from the MR2 of the ICOMR
did not experience any significant fluctuations. The proposed sensor structure is
promising for simultaneous measurement of strain and other perturbations such as
temperature variation, humidity etc. so that the cross-sensitivity effects can be
simply subtracted from the measured experimental data. The measured strain
sensitivity of the proposed thin capillary tube-based strain sensor is 3.3 pm/ue
which is 5 times larger than our previously reported strain sensitivity of a thick

polymer fiber [22] and a thick polymer wire-based strain sensor [20].
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Figure 75. Selected part of the transmission spectrum of the ICOMR with strain decrease. (b)
Selected WGM resonance wavelength shift as a function of applied strain. The slope of the

linear fit to the measured data of the WGM trough from the MR1 resonator is 3.3 pm/ pe.

In order to characterise the temperature effect of the silica capillary tube resonator,
we have conducted another experiment with a capillary tube resonator, fabricated
using the same method and thus with a similar geometry. The temperature was
increased from room temperature of 30.8°C up to 50°C with 2°C steps by placing
the packaged capillary tube resonator on a temperature controlled hot stage while
all changes in the transmission spectrum were recorded using an OSA. The
temperature of the hot stage was measured by a thermocouple. Figure 76 illustrates
the results of this experiment. As can be seen from Figure 76(a), the WGM
spectrum experiences red shift of 0.24 nm with the increase in temperature from
30.8°C to 47°C. The redshift of the WGMs with increasing temperature is due to
the positive thermo-optic and the thermal expansion coefficients (in the order of
~107°/°C) of the silica glass. Figure 76(b) shows the resonant wavelength shift
with increasing temperature. Here the black dots are the measured data and the
solid curve is their polynomial curve fit. The fitting data can be used to eliminate

the temperature cross-sensitivity of the strain sensor in the temperature range
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relevant to the sensor’s application.
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Figure 76. Selected resonance wavelength as a function of temperature increase. (b)
Resonance wavelength shift with temperature increase. Here the measured wavelength (scatter

data) is fitted with polynomial fit (solid curve).

5.2.4 Conclusions

In summary, we proposed and experimentally demonstrated a novel temperature
compensated WGMs resonator-based strain sensor fabricated using two inline
cascaded optical microresonators (ICOMR). We showed that the inline
combination of the “resonator-tapered fiber” system results in an output
transmission spectrum where WGM spectral dips produced by each of the
individual coupled resonators can be clearly observed. In the demonstrated dual
resonator configuration one resonator is used for strain measurement and the other
resonator can be used for monitoring of the fluctuations in resonance wavelength
due to other perturbations such temperature changes, humidity variations, air flow
etc. At constant temperature the strain sensitivity of the proposed capillary tube
based ICOMR strain sensor is 3.3 pm/ue. The spectral response of the silica
capillary tube in increasing ambient temperature conditions is studied. The
temperature induced red shift of the resonant wavelength during the strain

measurement is circa 0.24 nm when temperature increases from 30.8 to 47°C.
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Initial study indicates that the demonstrated inline resonator combination and the
additive nature of the resulting WGM spectrum are promising for simultaneous
measurement of strain and resonance wavelength fluctuations due to other
environmental effects can be simply subtracted from the measured experimental
data for accurate strain sensing in applications where a small sensor foot print is

required.
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Chapter 6

Conclusions and Future Work

In this chapter conclusions from across the thesis are reviewed and the
contributions to current technology and knowledge from the whole thesis are

formulated. Future research as an extension of this PhD thesis is also discussed.

6.1 Conclusions from the research

The core aim of this research was fo investigate and address several key aspects
related to the development of novel sensors and tunable devices based on
cylindrical WGM micro- resonators with the intention of moving such structures
closer to practical applications.
In Chapter 1, a series of objectives were identified to meet the aim stated above.
The main findings and conclusions presented and discussed here are divided into
six sections based on the different objectives and research strands investigated and
reported in this thesis.
Conclusions regarding the studies of WGMs in cylindrical micro-
resonators.
In this thesis, one of the objectives was to carry out an in-depth experimental
investigation of the WGM effect in different types of cylindrical micro-
resonators in order to establish the influence of the resonator’s geometry and
coupling conditions on the resulting WGM spectrum. For all the experiments,

light was evanescently coupled into the micro-cylinders from a tapered optical
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fiber. The key conclusions from this study are as follows:

There is an optimum diameter for the tapered optical fiber for the most efficient
evanescent light coupling into the fiber micro-cylinder. The extinction ratio of
the WGMs in the transmission spectrum of the tapered fiber increases with the
decrease of the taper waist diameter, while the overall transmission loss
increases, indicating that more light is coupled into the micro- resonator.

The WGMs’ Q-factor and the number of modes observed within a given
wavelength range increase with the increase in the diameter of the micro-
cylinder. Consequently, an increase in the micro-resonator diameter leads to a
decrease in the free spectral range of the WGM spectrum.

The optimum conditions for exciting WGMs in a cylindrical micro-resonator
are observed when the tapered fiber is placed perpendicularly and in direct
physical contact with the micro-cylinder. Evolution of the WGMs spectrum
with the increase of the tilt angle away from its perpendicular position results
in broadening and blue shift of the WGM resonances.

Overall transmission losses and extinction ratio of the WGMs increase with
the increase of the tilt angle followed by complete disappearance of the WGM
resonances at tilt angles > 24°.

Development of a new method for non-destructive geometrical profiling of
tapered optical fibers with submicron accuracy.

A new method for geometrical profiling of thin microfiber tapers with
submicron accuracy has been proposed. A range of tapered fibers with different
shapes were fabricated in order to demonstrate the capabilities of the proposed
method. The main conclusions from this research are as follows:

It has been demonstrated that the proposed method based on the WGM effect
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allows for an accurate geometrical profiling of tapered optical micro- fibers
including the information regarding their symmetry and the length of the
uniform waist region. The measurement accuracy of the proposed method has
been verified by SEM microscopy with a maximum error of £0.38 um.

The proposed method is suitable for use in fabrication of tapered fibers as a
cost efficient means of the taper diameter control. It can also be used for the
detection and troubleshooting of flaws in a taper fabrication setup.

The method has the potential to also be applied in bio-sensing provided the
diameter of the micro-resonator immersed in a bio-analyte increases due to
adsorption of bio-chemical species on the fiber surface.

Development of a simple and robust packaging method for practical
WGM sensors and tunable devices.

As one of the objectives of this thesis, a simple and reliable packaging method
for practical applications of the WGM based sensors and tunable devices has
been proposed and demonstrated. The proposed packaging method allows for
maintaining of precise alignment of the sensor (or tunable device) elements
without the continued use of the micro-positioning equipment. This in turn
enables the fabrication of portable and miniature devices whose performance
is unaffected for example by mechanical vibration. The main conclusions can
be summarized as follows:

The proposed packaging process involves just three sequential steps which
include (1) preparation of the tapered optical fiber and micro-resonator, (2)
alignment of the “taper-resonator” pair for maximizing the light coupling
efficiency and (3) immobilizing the coupled system on a glass substrate using

a UV curable epoxy.
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Good mechanical stability of the packaged device is confirmed by vibration
tests by placing the packaged sensor on a simple vibration generator driven by
a signal generator with a maximum peak-to-peak amplitude of 6 V. The
packaged device was subjected to vibrations at a frequency of 10 Hz for 30
minutes.

Conclusions regarding the use of polymer fibers and polymer wires as
novel high sensitivity WGM strain sensors and devices with a wide tuning
range.

Based on a study of the effect of axial mechanical strain on the spectral
positions of WGM resonances excited in a POF cylindrical micro-resonator,
the WGMs observed in the transmission spectrum of the coupling silica fiber
taper have a high extinction ratio of up to 19 dB and a Q-factor of up to 2 x
10%,

The spectral positions of the WGM resonances shift linearly in response to an
increase or decrease of the axial tensile strain applied to the micro-cylinder.
The WGMs move toward shorter wavelengths with the increase of the applied
strain and return to their initial positions when the strain is decreased.

Strain sensitivities (spectral shifts per unit of strain) during the increase and
decrease of the applied axial strain differ slightly, possibly due to nonuniform
deformations experienced by the strained POF microresonator.

It is possible to implement a novel strain sensor based on the WGM eftect in a
cylindrical PMMA wire with a packaging method that allows for large dynamic
range strain measurement.

The sensitivities of the proposed strain sensor to the applied tensile strain are -

0.68 pm/pe and -0.58 pm/ pe for an unpackaged and packaged device
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respectively. Measurements of axial strains of up to 3.25 x 10° pe
(corresponding to 0.33 % elongation) have been demonstrated without the
need for re-adjustment of the coupling setup.

The robustness of the proposed method of packaging has been confirmed by
subjecting the device to mechanical vibrations. It has been shown that the
vibrations had little or no effect on the sensor performance.

The packaged sensor has good measurement repeatability and the WGM
resonances return to their original positions after removing the strain with only
a small level of hysteresis.

The estimated temperature sensitivity for the proposed strain sensor is found
to be 54 pe/°C.

The proposed polymer wire strain sensor possesses several desirable features
such as large dynamic range, ease of fabrication and small footprint.
Development of novel magnetic field sensors and a tunable thermo-optic
device based on cylindrical LCORR structures.

A novel type of thermo-optic tunable WGM device based on a thin-walled
silica capillary resonator filled with a nematic liquid crystal has been proposed
and demonstrated experimentally. A simple and robust packaging technique for
the proposed tunable device has also been developed. Furthermore, two novel
magnetic-field WGM sensors based on PCF micro-cylindrical micro-
resonators filled with a magnetic fluid and a ferronematic liquid crystal have
been developed. The key conclusions from this research strand are as follows:
An increase in the temperature of the nematic liquid crystal-filled resonator
leads to a blue shift of the WGMs with a rate of —270 pm/°C, which is useful

in many photonic applications, such as tunable filters and sensors.
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VI.

The proposed device shows good mechanical stability and repeatability of
performance.

WGM resonances excited in PCF micro- resonators infiltrated with magnetic
fluids or ferronematic liquid crystals, experience spectral shifts proportional to
the amplitude of the applied magnetic field due to perturbations of the effective
refractive index of the liquids, and this effect can be utilized for the
development of magnetic field sensors following a suitable calibration.

The experimentally confirmed magnetic field sensitivity of the magnetic fluid-
infiltrated PCF (LMA-10) sensor was ~110 pm/mT.

For the sensors based on a PCF (PM-01-1550-PCF) filled with ferronematic
liquid crystals doped with rod-like and spherical particles, the magnetic field
sensitivities were —39.6 pm/mT and —37.3 pm/mT respectively.

Reducing the diameters of the cylindrical micro- resonators by tapering leads
to enhancement of their magnetic field sensitivities: up to —61.86 pm/mT for
the sensor containing the rod-like and up to —49.88 pm/mT for the sensor
containing the spherical particles respectively. Such magnetic field
sensitivities are comparable with the sensitivities of other fiber-optic sensors
reported previously, with the advantage of simpler fabrication.

Development of a new method of coupling of multiple micro- resonators
to a single fiber for sensing of multiple parameters.

A novel approach to coupling of multiple WGM resonators to a single optical
fiber has been proposed and demonstrated based on using the evanescent fields
from different tapered sections along a single optical fiber to excite the WGMs
in the individual micro- resonators. From these studies it can be concluded that:

The inline combination of the “resonator-tapered fiber” system results in an
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output transmission spectrum where the WGM spectral dips produced by each
of the individual micro- resonators can be clearly observed.

Multi-parameter sensing capability of the proposed structure has been
confirmed experimentally based on an ICOMR composed of a POF micro-
cylinder acting as a strain sensor and a PDMS coated silica micro-cylinder
acting as a temperature sensor.

A strain sensitivity of 1.4 pm/ue and a temperature sensitivity of 330 pm/°C
have been achieved.

At a constant temperature, the strain sensitivity of the proposed capillary tube
based ICOMR strain sensor is 3.3 pm/pe. The temperature-induced red shift of
the WGMs during strain measurement is circa 0.24 nm when temperature
increases from 30.8 to 47°C.

The demonstrated ICOMR configuration has the potential to be expanded to
include a larger number of micro-resonators and is promising in distributed
sensing, cross-sensitivity studies, lab-on-a fiber technology, optical coding and

optical logic gates.
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Outcomes of the thesis

A method for stabilizing cylindrical micro-resonator and tapered

optical fiber coupled system is successfully demonstrated.

A non-destructive technique for geometrical profiling of tapered

optical fibers with submicron precision is proposed.

A polymer cylindrical micro-resonator based WGM strain sensor

is demonstrated.

Nematic liquid crystal filled liquid core optical ring resonator

(LCORR) thermo-optical tunable device is proposed.

Magnetic field sensors based on magnetic fluid and ferronematic

liquid crystal filled LCORR are demonstrated for the first time.

A multi-parameter sensor design has been proposed and
demonstrated using an inline cascade of optical micro-resonators

(ICOMRS) to the first time.
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6.2 Future Work

6.2.1 New method for studies of viscoelastic properties of polymer

fibers and polymer wires

In Chapter 3 the strain- induced WGMs spectral tunability and the fabrication of a
strain sensor based on a polymer fiber cylindrical micro-resonator have been
discussed. Hysteresis experienced by the WGM resonances with the increasing
and decreasing axial tensile strain on the polymer fiber has also been studied. As
an extension of this work, a new method for characterization of viscoelastic
properties of different polymer fibers could be developed.

When a mechanical strain is applied to a purely elastic material, the latter stretches
and immediately returns to its original size once the strain is removed. Whereas
viscosity is the property of fluids and it serves as a measure of the fluid’s resistance
to gradual deformation by a shear stress or tensile strain[1, 2]. Viscoelastic
materials, such as polymers, exhibit both of these properties when they are
subjected to a time dependent strain. Due to its elasticity, a polymer fiber reacts to
an applied strain along the axial direction with an opposing force, which aims to
restore the fiber’s original shape. If the opposing force is of the same magnitude
as the applied strain, the polymer fiber will return to its original shape when the
strain is removed. If the applied strain is larger than the opposing force, the
polymer fiber may experience permanent molecular rearrangement, referred to as
creep [1]. By analysing the value of hysteresis in the spectral shift of WGMs due
to increase and decrease of the applied axial strain on the fiber, one could
determine the threshold strain resulting in the appearance of creep for a particular

material.
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6.2.2 Optical Voltmeter with temperature compensation

In Chapter 4 it was shown that a thin-walled capillary resonator filled with a
nematic liquid crystal (NLC) can be applied as a thermo-optically tunable device.
Due to the high electro-optical coefficients of NLCs, such a resonator can also be
used as a sensor of electric field and voltage. Since the NLC filled resonator is very
sensitive to changes in ambient temperature, some means for temperature
compensation is required, and this should be possible to realize using an ICOMR
structure discussed in Chapter 5 of this thesis. The fabrication of a temperature-
compensated optical voltmeter could be accomplished in the form of an ICOMR
formed by two identical thin-walled micro-capillaries filled with NLC, one of
which would serve as a voltage sensor while the other one as a temperature
monitor. Both the surrounding temperature changes and the applied electric field
lead to the changes in optical properties of the NLC and this will result the shifts
on the WGMs associated with corresponding resonators. A temperature
compensated voltage measurement can be achieved by subtracting the value of
temperature induced WGMs shift (measured using one of the resonators) from the

WGMs shift of the voltage sensor.
6.2.3 LCORR arrays using ICOMR structure

A multi- parametric sensor based on an array of LCORRSs for sensing of multiple
liquid bio- analytes can be realized using the proposed ICOMR design containing
several LCORRs. In [3,4] I. M. White et al. and X. Fan ef al. put forward the
concept of LCORR array using several waveguides and detectors. This structure
can be simplified using the proposed ICOMR design discussed in Chapter 5 of the
thesis. In this design several LCORRs are coupled with several tapered portions

on a single fiber and a number of light sources and detectors can be reduced
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allowing for simpler and less expensive design of the resonators array. Such a
structure also can be used for simultaneous determination of refractive index and
the flow rate of various liquids flowing through the capillaries serving as

microfluidic channels.
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Appendix B

Studies of Effective Coupling conditions for a
Microsphere- Tapered Fiber System for Generating

Whispering Gallery Modes !

Abstract: We studied the excitation of whispering gallery modes (WGMs) in a
spherical micro resonator by a tapered optical fiber coupled under different
excitation conditions. Coupling with the fiber taper positioned at the equator of the
microsphere produced the highest quality spectrum in comparison with other
positions

Introduction

Whispering gallery modes (WGMs) are electromagnetic surface oscillations
formed in dielectric micro resonators with a circular structure such as spheres,
cylinders or disks. WGMs arise as a result of trapping of light within the micro
resonator by total internal reflections from the resonator’s curved surface. Such
reflections force the light to take on a polygonal path within the curved structure,

effectively confining its energy to very small volumes [1].

Optical microresonators supporting WGMs are attractive photonic devices due to
their small mode volume, very high power density, narrow spectral linewidths and

high-Q factors. Such micro resonators have been shown to have potential use in

v, Kavungal, Q. Wu, G. Farrell, and Y. Semenova, “Studies of Effective Coupling conditions
for a Microsphere-Tapered Fiber System for Generating Whispering Gallery Modes,” in 12th
International Conference on Fiber Optics and Photonics, OSA Technical Digest (online) (Optical
Society of America, 2014), paper S5A.11.
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many areas, including studies of nonlinear optical effects and quantum
electrodynamics, low threshold micro lasers and very sensitive micro sensors. The
most common micro resonators are spherical; they are relatively easy to fabricate
and usually have very high Q-factors: ~ 10°at 1.55 um for silica [2] and ~10° at
1.55 um for chalcogenide glass [3]. The main difficulty for practical application
of WGMs is the problem of efficient coupling of light into resonators. Phase
synchronism, optimal overlap of the selected WGM and the coupler mode and
selectivity [4] are the main characteristics of every coupling device. Prism couplers
with frustrated total internal reflection are one of the oldest methods used to couple
light into WGM resonators. Currently wave guide coupling techniques have
gained the greatest popularity. Among these, the most efficient coupling is by
tapered optical fibers. For example, 99.99% efficiency has been reported for
coupling of light into a fused silica resonator using a fiber taper [5]. A tapered
optical fiber is a single mode bare cylindrical waveguide with a few microns
diameter which is placed in contact with the surface of the resonator allowing
evanescent field interaction with the resonator. WGMs can be observed in the
output spectrum of the tapered fiber. In this paper we present our studies on the
variation of the WGM spectrum with different tapered fiber-microsphere coupling

positions.
Experimental

The experimental setup shown in Figure 1 (a) includes a tunable diode laser (Tunic
plus, 1500-1600 nm) as the broadband source, a full tapered fiber with a diameter
of 1.7 um, the microsphere sample under studies, a photodetector (PDA 10 CS-
EC, InGaAs amplified detector, 700-1800 nm), two optical microscopes and two

three-dimensional manually controlled translation stages for the precise alignment
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of the microsphere sample with respect to the fiber taper. As a preliminary step,
fiber tapering is undertaken using the micro heater brushing technique [6]. The
tunable laser is connected to the one end of the fiber taper and the other end of the
fiber is connected to the photodetector interfaced with a PC via a Labview
program. The tapered fiber is placed on one of the translational stages providing
three-dimensional movement of the fiber taper for the precise alignment. The stem
of the microsphere is placed on the second translational stage using a fiber holder.
Microscopes are placed in appropriate positions in order to view the alignment of
the microsphere with the tapered fiber as the microsphere is brought into direct

contact with the tapered portion of the fiber as shown in Figure 1 (b) and (c).

—— Mncroscope18 o —
Microsphe;

Tunable Laser
ranslation stage 2

Detector

Translation stage 1

()

PC

Figure 1. (a) Experimental set up for characterizing the microsphere resonator. (b) &(c)
Microscope photos of the top and side view of the tapered fiber microsphere system: tapered

fiber positioned below (b) the microsphere and parallel (¢) to its equator.
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The Q factor of the spectrum obtained is estimated to be in the order of 10°. It was
established that the free spectral range (FSR) of the WGM spectrum decreases with
the increase of the diameter of the microsphere. The quality factor improves with
the increase in size of the microsphere because of the reduction in the intrinsic
radiative (curvature) losses. Figure 2 (a) shows the WGM spectrum generated by
a 163 um sphere and Figure 2(b) shows a magnified portion of the spectrum with

the corresponding Lorentzian fit in order to estimate the Q-factor value.

Transmission (dB)

26| (@) i

27 A A A i A A A
1542.0 1542.5 1543.0 1543.5 1544.0

Wavelength (nm)

b ,
24 |- () » O Measured Data

Lorentzian Fit

Q-factor = 1.27 X 10°
25 | '- -

1542.00 1542.05 1542.10 1542.15 1542.20

Transmission (dB)

Wavelength (nm)

Figure 2. (a) Experimental WGM spectrum, when the tapered fiber is along the equator of the
microsphere of diameter 163 pm (b) Lorentzian curve fit of one of the dips corresponding to

a Q factor of 1.27 X 10°.
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Figure 3 shows the WGM spectrum of a 163 pm diameter microsphere excited by
contact with a tapered fiber of diameter 1.7 um positioned at different points on
the microsphere surface using the micro translation stages. Here the contact
position of the tapered fiber with respect to the microsphere is varied from (a) taper
at the tip of the sphere, close to the stem; (b) central position, (c) to the left from
the equator and (d) near the pole of the microsphere, diametrically opposite to the
glass stem. Figure 3 illustrates the above combinations and also shows the
corresponding WGM spectrum. At every position the distance between the
microsphere and the fiber taper was adjusted to achieve a physical contact with the

help of the side view microscope and micro translation stages.

It can be seen that the most pronounced WGM spectrum is observed, when tapered
fiber is in contact with the microsphere’s equator (Figure 3, (b)). Both extreme left
(near the stem) and extreme right (opposite pole) positions result in poor WGM
spectra. The maximum extinction ratio of 5.91 dB and the quality factor of 1.27 X
10° are obtained when the tapered fiber is placed at the equator of the microsphere.
The FSR of the spectrum also shows a slight variation at different contact
positions. A minimum FSR value of 0.087 nm was obtained at the equator and a
maximum of 0.18 nm was obtained at the point near to the stem of the microsphere.
From the experiment it is realized that in the case of the equitorial alignment of the
tapered fiber with the microsphere only the symmetric polar modes (even) are
excited in the microsphere, while in the case of non-equitorial alignment both
symmetric and anti symmetric polar modes (odd) are excited. Therefore, spectral
quality can be improved by improving the alignment of the tapered fiber in the
equatorial plane of the microsphere. A work by M. J. Humphrey [7] confirms these

observations.

244



-20 v v T v -20 T T T
21 =21 n s
- =22 - =22 -
[as] [as]
z z
c -23 c -23 o
o o
3 3
2 .24k 8 .24 -
£ £
2 2
s -5 = s -5} 4
= Microsphere ]l =
26| (a) - -2 | (b) -
27 I i ' 27 I ' N
1542.0 1542.5 1543.0 1543.5 1544.0 1542.0 1542.5 1543.0 1543.5 1544.0
Wavelength (nm) Wavelength (nm)
-20 T T T -20 T T T
21 - 21 s
_ 22 22 ://’_’-—’-!'——:
m m
z z 1
c =23 c 23 -
2 2
0 7 1
L 24 Q0 4L -
£ £
1] i1 @ 1
s -5} 4 5 25} 4
(= (5
- ] = 4
=26 - =26 | s
(c) ] (d) ]
27 N L A i N A i 27 N L i i N A N
1542.0 1542.5 1543.0 1543.5 1544.0 1542.0 1542.5 1543.0 1543.5 1544.0
Wavelength (nm) Wavelength (nm)

Figure 3. WGM spectrum of a 163 um diameter microsphere excited by a tapered fiber of
diameter 1.7 um positioned at different points of the microsphere surface. Here the contact
position of the tapered fiber with respect to the microsphere is varied from (a) taper at the tip
of the sphere, close to the stem; (b) central position, (c) to the left from the equator and (d)
near the pole of the microsphere, diametrically opposite to the glass stem. The inset diagrams

illustrate corresponding positions of the tapered fiber with respect to the microsphere.

Conclusion

In summary, we have studied the excitation of WGMs in a spherical micro
resonator by a tapered optical fiber at different coupling positions on the surface
of the microsphere. Narrow WGM resonances are observed in the transmission
spectrum of the fiber taper with a maximum estimated Q factor of ~10°. The
evolution of the transmission spectrum with the change in coupling position
involved changes in the spectral quality. It is found that a coupling point at the

equator of the microsphere produced the highest quality spectrum compared to all
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other positions. No WGMs are observed when the coupling point is at the pole

(tip) of the microsphere.
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