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Abstract

Humidity, temperature and volatile organic compounds (VOCs), particularly
ammonia, are key environmental conditions that have a major impact on human
comfort, well-being and productivity, as well as on agriculture, food processing
and storage, electronic manufacturing and many other industries. This results in
the urgent need for the development of sensing technologies allowing rapid
detection and accurate measurement of these environmental parameters. Over the
past decades many electrical as well as optical sensors have been proposed and
demonstrated for environmental applications. However, challenge always exists
for these sensors in terms of sensitivity, selectivity, detection limit, speed of
response and robustness, where researchers and engineers are still working
continuously on improving the performance of these sensors.

Whispering gallery mode (WGM) optical micro-resonators have been shown to be
able of detecting minute changes in their environment. This has made them a well-
established platform for highly sensitive physical, chemical and biological sensors.
Silica micro-resonators with high quality factors and low absorption loss can be
fabricated easily at the tip of an optical fiber, and the WGMs in such resonators
can be excited by evanescent light coupling using tapered fibers.

The aim of this PhD thesis is the development of novel ultra-high sensitivity
sensors based on silica micro-spheres functionalized with specific coatings with a
particular focus on measurement of water vapor and ammonia concentration in air.
A numerical simulation model has been analysed based on perturbation theory to
facilitate deep understanding of WGMs in coated micro-sphere resonators and the

results of the simulations have been validated by experimental studies.
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Relationship between key design parameters of the sensor such as microsphere
size, thickness of the coating layer, tapered fiber waist diameter, its Q factor and
sensitivity has been investigated and established.

A novel high sensitivity relative humidity (RH) sensor based on an agarose-coated
spherical micro-resonator has been proposed and experimentally demonstrated.
The sensor’s spectrum shows a wavelength shift of approximately 518 pm
corresponding to a relative humidity change of 40% RH. Detailed experimental
investigation of the influence of the agarose coating thickness on the sensor’s
humidity response has been carried out and correlated with the analytical model
results. Sensor’s performance in very low humidity environments (<10% RH) has
been studied. It has been demonstrated that the proposed sensor is capable of
detecting water molecules concentration in air in the order of parts per million
(ppm) with good repeatability, low hysteresis and long-term stability.

A novel ultra-sensitive ammonia sensor has been proposed and developed by
coating a porous silica gel on a microsphere acting as the sensing head. The sensor
offers high resolution and the lowest reported to date detection limit of 0.16 ppb
with response and recovery times of 1.5 s and 3.6 s respectively.

Finally, a novel approach to simultaneous measurement of ammonia vapors and
humidity in air with high resolution has been proposed and demonstrated
experimentally. In the proposed two-parameter sensor WGMs are exited at the
same time in an array of two micro-spheres coated with different polymers,
namely, silica gel and agarose hydrogel, coupled to a single adiabatic fiber taper.
The method can be further expanded to achieve sensing of multiple chemical and
biological quantities utilizing various coatings and possibly increasing the number

of sensors within the array, thus reducing the cost of sensors interrogation.
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1 Introduction

1.1 Background

The environmental conditions surrounding us have a major impact in our day-to-
day well-being and health and also significantly influence agriculture, food
manufacturing and processing industries and food storage. The measurement and
monitoring of environmental conditions or parameters are key requirements in
many situations. Examples of the parameters to be monitored include humidity,
temperature, the presence of pollutants and the concentration of other
containments, such as volatile organic compounds (VOCs).

The core chapters of this thesis are presented as a series of limited journal
publications. For this reason, this chapter provides not only an introducing optical
fiber sensor but also an overview of the sensor structures, applications and

fundamental principles involved relevant to this thesis.

1.2 Overview of Optical Fiber Sensing

In order to measure and monitor qualitative and/or quantitative information about
a parameter, some form of sensor is needed. Sometimes a particular parameter of
interest will coexist with other parameters and it is difficult for a sensor to identity
accurately and selectively. To date, many sensing techniques have been developed
to measure the chemical and physical properties of the environment. Electronic

sensors are one of the most popular choices to measure such parameters. The
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fundamental sensing principle of such sensors relies on a detectable change in
either voltage or current as a function of the environmental conditions.

However electronic sensors can be difficult to use in harsh environments and may
require substantial physical protection, increasing the effective sensor size and
fabrication cost. It is thus important to develop sensors that are both durable in
harsh environments and can operate reliably over long time periods. OFSs have
been widely studied as sensors to monitor a wide range of parameters such as
displacement, vibration, strain, temperature, humidity, viscosity, pressure, current,
electric field strength and others [1], [2] many of which are environmental
parameters. OFSs possesses some inherent advantages over their electrical
counterparts such as immunity to electromagnetic interference, radioactivity; safe
operation in explosive environments; light weight, high sensitivity and the
potential for remote real time monitoring over long distances of tens or even
hundreds of kms.

Over the past 50 years, OFSs have become a popular choice in many existing
application areas and have stimulated the development of a wide variety of novel
sensing applications. OFSs are categorized into four major categories depending
on which property of light is influenced. These properties are light intensity, phase,
frequency and polarization. A variety of fiber structures and sensing principles
have been utilized to realize such measurements including fiber resonators, fiber
gratings, micro-structured, polarization-maintaining, D-shaped, multi-core fibers,
fiber hetero-structures and other special types of optical fibers.

Recent rapid progress in micro- and nanotechnologies has led to the development
of novel miniature fiber sensors with improved sensitivity [3]-[5]. Among those,

micro-fibers are one of the technologies that have attracted many researchers in

2|Page



the fields of physical, chemical and biological sensing [6], [7]. Compared to
traditional fiber based sensors, in a micro-fiber based sensor a large portion of
light, travelling outside of the fiber in the form of evanescent field, interacts with
the surrounding medium, leading to possibility of new sensor types and to an
improved sensitivity to the ambient changes. Most commonly microfiber-based
sensors detect minute changes in the surrounding refractive index (RI) by
measuring changes in, for example, optical transmission power through the sensor
or shifts in transmitted or reflected spectra, which is widely used in identification
of many biological or chemical species by functionalizing microfiber surfaces to
convert the changes in the bio-/chemical analyte into RI variations. Microfiber
resonators, in the shape of rings, loops, knots or coils, have been studied
extensively as RI sensors owing to their miniature dimensions, high sensitivity
and simple fabrication [8]-[10]. However, microfiber loop resonators often lack
mechanical stability due to the existence of overlapping coupling regions. Fiber
knot resonators possess better stability than the micro fiber loop resonators but
their fabrication process is more complex and such structures have higher
scattering losses.

There are a number of outstanding issues that need to be addressed for the fiber-
based resonator sensors related to improving their sensitivity, stability, accuracy
and resolution, further development of packaging and miniaturization techniques,

reducing of fabrication and interrogation costs etc.

1.3 Whispering gallery mode (WGM) optical resonators

An optical resonator (resonant optical cavity) consists of two or more mirrors that
form a standing wave cavity for light waves, so that light is confined and stored
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within the cavity by circulating along a closed path via multiple reflections from
these mirrors. Typically the main design objective for an optical resonator for
sensing applications is to achieve high quality (Q) factor, leading to high
measurement resolution. The Q factor is a parameter that represents a ratio
between stored energy and energy loss per cycle of reflections. The simplest and
most common optical resonator is a Fabry-Perot (FP) type resonator, where two
opposing flat mirrors are used to create multiple reflections and interferences
within the cavity. To achieve high Q factor these mirrors should have high
reflectivity and furthermore losses inside the cavity must be minimized. The Q
factor of practical FP resonators is often limited by the losses introduced by both
diffraction and mirror imperfections, which has significant impact on the Q factor.
This means that for state-of-the art mirror surfaces with even minor roughness, the
Q factor is typically low. In addition, FP resonators are typically expensive
devices and are difficult to assemble and miniaturize due to offer necessary
resistance to their low vibrations [11].

In the last few decades, another type of optical microresonator has been
extensively studied as the basis for the next generation of ultra-high sensitivity
sensors. Whispering gallery mode (WGM) optical resonators are dielectric
structures with a circular symmetry capable of trapping light inside the micro-
sized cavity by almost total internal reflections. The high-Q optical WGMs (at
specific resonant frequencies) circulating around the cavity can interact with the
local environment through the evanescent field. Lord Rayleigh was the first to
introduce the term “whispering gallery waves” for description of an acoustic
phenomenon in the 19" century [12]. He observed that a whisper uttered at one

end of the circular dome of St. Paul’s Cathedral in London could be heard very
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clearly at the distant opposite end of the dome. This meant that in a “whispering
gallery” at certain conditions sound intensity decreased much slower with the
distance from the source than in free space. In 1909, Debye had proposed a
theoretical solution for resonant eigen-frequencies of dielectric and metallic
spheres [13] based on Mie scattering [14]. Subsequently the generalized properties
of electromagnetic resonances in dielectric spheres where widely discussed, with
emphasis on microwave modes [15].

To illustrate the operation of a microcavity, assume the cavity has a
circular symmetry, found for example in a sphere. Typically light is coupled into
the microcavity from an external evanescent light field and is trapped within the
microcavity due to total internal reflections at the boundary of the microcavity
material and surrounding medium. Within the microcavity, for specific optical
frequencies, constructive interference takes place for the trapped light along the
equatorial path of the microresonator. The trapped light propagates over a distance
equal to the circumference equal to one round trip. If Ay is the resonance
wavelength, n..f is the effective RI of the resonant mode, then the integer [
number of multiple wavelengths (1) that satisfy the resonance condition for a
circular microcavity with radius R, is given approximately as

[AR~2m RN f (1.2)
The free spectral range (F.S.R) is the wavelength interval that separates the mode
number [ from the next mode of higher number [ + 1 and the quantity may be

expressed as

Ar
FSR = —— 1.2
ZﬂRoneff ( )
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It is clear from Eq. (1.1) that the resonance wavelength. (1) depends not only the
radius of the microsphere but also on the effective RI of the optical mode. The
change in the resonant wavelength due to changes in the spherical microcavity

radius and of the effective RI of the optical mode can be expressed as:

% — ARy _Aneff (1 3)

AR R Nefs
Since environmental variations near the resonator surface may lead to changes in
the effective RI, Eq. (1.3) essentially illustrates the operating principle of a sensor
based on such a WGM resonator, where the measured change in the resonant
wavelength is related to changes influenced by external factors in the resonator
dimensions and the effective RI. The Q factor of such a resonator is associated
with photon lifetime of the resonance mode, which means a higher Q factor is
equivalent to a longer photon life time [16]. A longer photon lifetime increases the
length of the path of interaction between photons and the surrounding
environment as they circulate within the microcavity. By using highly transparent,
low scattering loss material, such as silica, WGM resonators can achieve
extremely high values of Q factor (108-10°) [17] in a small mode volume. The Q
is mainly limited by the material attenuation and scattering loss contributed by
surface roughness and geometrical imperfections. Due to their miniature size and
high sensitivity, WGM resonators are one of the most attractive forms of optical
sensors, for example in bio-sensing they can provide ultra-high sensitivity down to
single molecule detection [18], as well as real-time analysis often without the need
for fluorescent labels, a multiplexed sensing ability and cost-effective integration
with fiber optics [19][20].
Various geometries of WGM resonators have been explored to date for

sensing applications including micro pillars [21], micro rings [22], [23], micro
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disks [24]-[26], microtoroids [27], [28] and photonic crystal cavities [29], [30].
Among these structures, microspheres are the simplest and are easy to fabricate in
laboratory conditions from a single piece of silica fiber. The fabrication can be
carried out without the need for sophisticated instruments or a cleanroom
environment, which results in a low fabrication cost, compared to microtoroid and
micro ring structures fabricated using mechanical polishing or microfiber
manipulation of photolithographic patterning. Given their simplicity and high Q-
factors silica microsphere resonators are among the most popular optical
resonators and have been studied widely for many applications. Many researchers
have successfully demonstrated silica microsphere resonators coated with analyte-
selective functional layers in various chemical, physical and bio sensing
applications involving molecular adsorption [18], [31], RI [32]-[35], temperature
[36], [37], force [38] and electromagnetic field strength sensing [39]. However,
while experimental prototypes of the sensors have demonstrated the great
potential of the WGM technique, there is an urgent need to gain a deeper
understanding of the WGM phenomenon in the microresonators for practical
realization of ultra-sensitive sensors with high measurement resolution, long term
stability, selectivity and fast response.

The impact of the coating layer on a WGM microsphere was studied earlier
by Teraoka et al. [40]. They examined the properties of WGMSs in a microsphere
using perturbation theory when a high RI coating material is applied to the
microsphere surface. Later, Nai Lin et al. simulated the performance of a
microsphere sensor with a particular coating, in that case polymer zeolite, a high
RI polymer used for gas sensing applications [41]. Much less common are

experimental studies carried out to establish a correlation between the sensitivity
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of the WGM microresonator and the thickness of coating whose RI is lower than
that of the microsphere using same perturbation theory [42].

As mentioned previously, this thesis for the first time focuses on sensing of
environmental parameters with WGM silica microsphere resonators, specifically,
sensing of relative humidity levels and concentrations of vapor phase ammonia.
The detailed impact of coating thickness on the sensitivity is also analyzed
theoretically and validated experimentally. An array of two microspheres with
different coatings has been demonstrated experimentally in order to explore the
potential for multi parameter sensing applications as a very significant step
towards independent and simultaneous measurement of several parameters within
a single sensing system with a common interrogator.

The core chapters of the thesis are presented as a series of linked journal
publications. For this reason in this introduction chapter, it is useful as a starting
point to provide a more detailed numerical analysis which follows in section 1.3
for the electric field distribution of a fundamental WGM mode and its sensing
characteristics in both uncoated microsphere and a microsphere coated with a

suitable functional coating layer.

1.4 WGM field distribution

1.4.1 WGM field distribution in an uncoated microsphere

WGM modal structure has been studied by many researchers [43]-[45].
Whispering gallery modes can be thought of as ray tracing out a “zig-zag” path
around the sphere with the equatorial plane being the mean plane of propagation
(Fig. 1.1). A WGM mode is conventionally described in terms of a three-integer

set [ ,m and n, which represent angular (polar), azimuthal (equatorial), and radial
8|Page



mode numbers, respectively. The integer values 2m, [ — |m| + 1 and n are equal
to the number of field maxima in the angular, polar and radial directions. A WGM
for which n = 1 is the first order radial mode that lies closest to the surface of the
sphere. The angular mode number [ represents the number of modes of the fields

that fit in to the circumference of the equatorial plane.

Equatorial path WGM Mode path

B

................

mﬁ!

Fig. 1.1 Schematic of the mode propagation constants along the surface of a sphere

The value of the resonant wavelength is obtained based on the mode number I,
which is supported by the sphere radius R. Each value of [ is associated with a
different resonant mode starting from first-order mode (n = 1), second order
mode (n = 2), etc. In other words, we can say that for each value of the radial

mode number, there are [ number of resonant wavelengths travelling parallel to

the surface, in a zig-zag path with the propagation constant 8, = , Where R,

Via+D
Ry
is the radius of the sphere. The projection of 3; on to the equator 8,, = m/R is
commonly referred to as the propagation constant because it is the wave vector in
the net direction of propagation [45]. For any fixed value of [, m can take a value
|m| < 1. Different values of m represent modes travelling in zig-zag paths with

different inclinations with respect to the equatorial plane. For the fundamental

mode (m =1 and n = 1), the inclination is the smallest, with a value of
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approximately 1/v1 radians. Modes with higher m values correspond to larger
inclinations of the zig-zag paths corresponding to the same resonant wavelength
for a constant value of L. This is because modes that take longer excursions away
from the equator need to propagate over shorter distances to complete a revolution
around the sphere (which is possible because higher latitude circles have a smaller
circumference than that at the equator). Each WGM can support either TE or TM
polarization, and the two polarizations can be selectively excited. The resonant
mode distribution in the microsphere can be derived analytically.

Consider a sphere of radius R, with a RI n,, surrounded by a uniform

background with the RI n,. The coordinate system for the sphere is represented by
r along the radial direction, by @ in the polar direction and by ¢in the azimuthal

direction as shown in Fig. 1.2.

Y
— R4 i -
,~"’/ 7/ 8 N
Polar mode / Radial mode
/ /
\/ I \~/
/ l———<"‘—‘-r‘(_\ )
e II
{ ‘ u X
N ! i A
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\\‘ N TR /‘
\ \ ‘/
b/ N 3
\\
_ " Sphere Equator

Fig. 1.2 Schematic of a WGM resonance in spherical coordinates.

The WGM spherical resonator should satisfy the Helmholtz equation inr,0 ¢

planes. The scalar wave equation in spherical coordinates can be written as

li(rza—lp)+ ! (sin66—¢>+ ! i+k21,b=0 (1.4)

r2or or/)  r?sinf 00/  r?sin?6 d¢?

where k is the wave number and i is the electric field intensity of the spherical

mode. The solution of Eq. (1.4) is found by the variables separation method
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described in [46]. For TE polarization the electric field has only a & component

and the electric field distribution is given as:

Yimn(r,6,9) = N (r). o (0). 9, (¢) (1.5)
where ¥, g .and ¥, are the electric fields in radial, polar and azimuthal
directions respectively. Detailed derivations of the radial, azimuthal and polar
modes are presented in Appendix B. Eg. (1.6) is the combined equation for the
WGM electric field distribution within a microsphere as follows

Y, (p)=exp[xjme]

Ve (0) = exp [%92] Hy(Vm8), m> 1> 0) (L6)

b(r) = { Ji(kngr), r <R,
" jl(knsRO)exp(—as(r - Ro)): r >R,

The coefficient Ny is derived as
_ 1 .
N, = {\/% 2N-1N1 R, 2 [(1 + a)]lz(knslteo) -
1

jl—1(knsR0)jl+1(knsRo)]} ’

(1.7)
as:,/ﬁf — k2n,?

Blzw/l(l+1)’N:l_m’k_2n'

where £3; is the propagation constant parallel to the surface of the sphere, a, is the
decay constant away from the sphere. The characteristic equation can be derived
after matching the tangential electric and magnetic fields across the surface of the
sphere. For the TE mode Eg (1, 6, ¢) = Y, n (7, 8, @) because the transverse field
is parallel to the surface of the microsphere so E4 = 0. Similarly, for the TM
mode, Hy (1,0, ¢) = Y m (1,0, @). The characteristic equation can be derived as

[45]:

11|Page



LY. .
(nsas + R_O)]l(knsRO) = kns]l+1(knsR0)

(1.8)

1 TE mode
where ﬂ—{

s 2 TM mode

n02
For a large sphere, where the radius is much larger than the wavelength, [ can be

2MRoNeff

calculated approximately as [ = , Where n¢( is the effective RI of the

microsphere which refers to the cavity path length of each mode of the
microsphere. The exact resonance wavelength can be calculated by finding the

zeros of the asymptotic Eq. (1.8).

1.4.2 Field distribution for a microsphere with a functional

coating

In order to detect various biological and environmental parameters, the surfaces of
microspheres are often functionalized with various polymer coating layers. The
penetration depth of the evanescent field into the medium surrounding the coating
is typically greater in a coated microsphere than that for an uncoated microsphere,
so that a greater fraction of the mode energy interacts with the surrounding
medium. The electromagnetic field distribution for a coated microsphere has been
studied by Teraoka et al. in [40], where the application of a high-RI layer coating
was proposed to enhance the sensitivity of the resonator several times.
Perturbation theory was used to analyze the sensing performance of the coated
micro resonator. For coated microspheres, knowledge of the evanescent wave
penetration depth and its relation to the radial mode number can provide the key to
an understanding of the experimental results and lead to an improvement in

sensitivity of the WGM sensor. The same approach based on the perturbation
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theory has been applied in this thesis in the analysis of the WGM modes in
microspheres coated with lower RI surface layer.

For simplicity, the present analysis is limited to the electric field associated with
the 1% order radial mode in a coated microsphere, shown in Fig. 1.3. In this model
the R1 of the sphere, its coating layer and the surrounding medium are set as n,

ny and ng, respectively.

Fig. 1.3 Schematic diagram of a coated microsphere

The radial distribution of the transverse electromagnetic (TE) WGMs in the

coated microsphere can be described by Mie theory [16, 17]:

Allpl (nskr) r< Ro (19)
El = Blllpl(nfkr) + BZle(nfkT) Ro <r< Rl
Cixi(nokr) r=Ry

where w and y are the Iy orders of spherical Ricatti-Bessel and spherical Ricatti-
Neumann functions, respectively. Each value of | represents multiple values of Ar
that satisfy the characteristic equation. The A4;, By;, B,; and C; are the constants
that can be determined after finding the azimuthal value [ corresponding to the
resonance wavelength.

The characteristic equation for the coated microsphere can be derived from Eg.

(1.9) as
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By, ,
xinokRy) _ By WilrkRy) + 2i(nykRy)

0 =
Xl(nOle) g—;ilp,(nfle) +)(l(nfkR1)

(1.10)

where

@ _ 7711/’2(nskRo))(z(nfkR0) - lpl(nskRo)X{(nfkRo)
BZl l/)l,(nskRO)l/)l(nskRo) - nllpl(nskRO)lpl’(nskRO)

A detailed derivation of the TE field distribution is presented in Appendix C.

1.4.3 Light coupling from the tapered fiber in to the microsphere

Efficient light coupling is essential for the use of microsphere resonators, and this
process usually involves accurate alignment of the external coupler with the
resonator’s geometrical equator. Quality of alignment with respect to this “not
known a priori” symmetry axis is critical for achieving high coupling efficiency.
Several methods have been developed to excite WGMs in a microsphere including
a high-index prism [47], an angle-polished fiber [48], and a tapered fiber [49].
Among those, the tapered fiber method has been widely used in WGM
experiments because of its relative simplicity and the highest coupling efficiency
[50]. High coupling efficiency plays an important role in sensing applications of

WGM microresonators.

(circulated power b (circulated power
2

before coupling) after coupling)
aZ
* E
E
a | : bl
1 H| TE
fiber ny
(input power) (output power)

Fig. 1.4 Schematic diagram of WGMs excitation in a sphere by evanescent
coupling with a tapered fiber
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Fig. 1.4 schematically illustrates coupling of light into a microsphere using a
tapered fiber. The interaction of evanescent field of the tapered fiber and WGM

modes of the sphere gradually decreases with the increase in the distance between
them [45]. In the diagram (Fig. 1.4), S, is the minimum distance at which the
fundamental modes of the tapered fiber and the sphere are coupled to each other.
The strength of interaction between the fiber mode F and the sphere mode v, , .
at the minimum separation distance S;is given by the overlap integral of these two

modes described by Eq.(1.11) [45]:

K(S,) =

H 05 )F Y, pOxdly (1.11)

fxy

where K(S,) is the rate of increase in the amplitude of the sphere mode at the
minimum separation from the fiber, S, is the propagation constant of the fiber, F
and vy, ,, are the normalized electric fields in the fiber and sphere, respectively.

The amount of power coupled from the fiber to the sphere is termed as the

coupling factor x, which can be determined as:

2
K2 = K*(S, )—exp[ é)’i (1.12)
t t

—_pg._m ., Y _ in fi
where, A = ¢ RVt = 2R Vr = Decay constant in fiber
Maximum coupling efficiency is obtained at zero separation distance S, and

decreases exponentially with the increase of the separation distance. Higher order
modes are likely to be coupled with lower efficiency than the fundamental mode
and the coupling efficiency decreases rapidly with the separation distance. The

coupling efficiency is also influenced by the diameter of the tapered fiber,
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becoming gradually higher with the decrease of the waist diameter of a tapered

fiber. The quality factor associated with coupling between tapered fiber and the

microsphere for a resonance wavelength is denoted as Q,, and is expressed as

[45]:

m
Qo= (1.13)
K

Assume that a unidirectional coupling has been established between the tapered
fiber and microsphere shown in Fig. 1.4. Then the optical power transfer equation

can be written as [22]:
)= e (1.12)

where t is the transmission coefficient determined by the value of the field
transmitted from input fiber to the output fiber, « is the cross-coupling factor of
the fiber to sphere. a1, by, the field amplitudes at the input and the output of the

fiber, respectively, while the circulated field amplitudes in the sphere immediately
before and after the coupling region are a» and by , respectively. x*,t" are the

complex conjugates of the coupling factor and transmission coefficient
respectively.

From the energy conservation law

t? +x2=1

- (1.15)
N

The power-transfer equation for transmission through the fiber to the total inner

circulating loss factor inside the sphere can be written as
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P |k ’ B a? —205|t|cos(gz))+|t|2
P ‘5 1 2alt|cos(p) + @ |t
(1.16)
p, |3, ’ B a’ (1_|t|2)
P |a| 1-2¢ [t|cos(p) + o |t|2

where P, is the incident power at the fiber input, p, is the transmitted power at the

fiber output. p, is the circulating power inside the sphere. The inner circulation

loss factor « can be expressed as

a =1—7mRy(Asurr + Tnat + Araa) (1.17)

The phase shift ¢ during circulation can be calculated as

277D

. (1.18)

@

where D is the sphere diameter and n; is the effective RI of the resonance mode.

But the resonant wavelength, ¢ is equal to 271, where | is an integer value,

Eqg. (1.16) is to simplified to become:

2
&z‘g:@f—ltl)
b &l (1-aft)
(1.19)
P Gl
& 1-2« |t| cos(p) + o* |t|2

The Q factor of the resonator can be defined from the full width half maxima

(FWHM) of the resonant wavelength and is expressed as [8]:

2 ,
/lresonance _ 4 Dneff % at

= T 7 iat 120
A? 1-at '
Adewnm = 22Dn X ﬁ
eff
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where « is the circulation loss factor inside the sphere and t is the transmission
coefficient. Fig. 1.5 illustrates an example of transmission through a 3 pm waist
diameter fiber taper coupled to a sphere, simulated using the power transfer

equation Eq. (1.16).
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Fig. 1.5 Simulated transmission for the fiber taper coupled to 104 um diameter

sphere, k=0.002434,1l = m = 298,n = 1.

The gap between the tapered fiber and the microsphere was assumed zero. The
value of coupling factor x was derived from Eg. (1.9). The transmission
coefficient t was calculated from Eq. (1.15). The Rls of the sphere and the tapered
fiber were assumed equal to 1.4682. Assuming « =0.95 for simplicity, the
calculated t=0.99. It can be seen from the figure that the resonant wavelengths are
located at 1546.90 nm, 1552.08 nm and 1557.32 nm respectively. The spectral
separation between these two dips is known as the free spectral range (F.S.R) of
the microresonator and it can be calculated using Eqg. (1.2). The effective RI of the

resonant mode n., calculated as ng =14/7zD, where | is the azimuthal mode
number and D is the diameter of the sphere. For the value of | = 298 and
resonance wavelength 42 = 1552.08 nm, the calculated n. is 1.415 for the sphere

with the diameter of 104.0 um
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1.4.4 Quality factor of a microsphere resonator

The quality (Q) factor of any resonator is a very important parameter that provides

a convenient measure of energy stored by the resonator. It is defined as

Stored energy (1.21)

Q =2m

X
Energy lost per cycle

The Q factor of an optical resonator is proportional to the photon lifetime in the
cavity for the resonant mode. In other words, in a resonator with high Q-factor
photons interact with the surrounding analyte multiple times along their re-
circulating path due to total internal reflections from the surface of the
microcavity. However, several sources of losses exist in a WGM resonator
reducing the life time of photons, such as material loss, radiative loss, surface

scattering loss and coupling loss [17] . The Q factor thus can be expressed as

Q7' = Qi + Qragg + Q55 + Qi (1.22)

Qma: is related to absorption and Rayleigh scattering within the material of the
resonator which can be estimated as:

4.3 x 103 27n,

t =
ma aa A

(1.23)

where «, is the attenuation constant (0.17 dB/km for silica), ns is the sphere’s

material R1 and A is the resonant wavelength. Q,,,,,=10! at 1550 nm [17].

QL is associated with radiative losses and it vanishes when the ratio of diameter

rad
of the sphere to the resonance wavelength is greater than or equal to 15 [17].

The surface scattering loss is estimated from the formula:

__ ¥ (1.24)
"~ 2m202B

QS.S
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where ¢ and B are the roughness and the length of surface inhomogeneities
respectively. Q. is expected to be less than 10'° when the diameter of the
resonator is greater than 100 um [17].

The loss due to the optical mismatch between the fiber and sphere modes, can be

determined as:

mrm

Qext = 7 (1.25)

where « is the coupling factor between the sphere mode and fiber mode [45].
Based on known values for Q,,4t,Qraa Qs.s» Qext, the total Q factor can be found

from the Eq. (1.22).

1.5 Motivation for the research

WGMs in silica microsphere resonators have become a well-established approach
used in refractometric sensors for a wide range of bio-sensing applications and for
measurement of chemical composition or concentration changes [3][23][36][39].
Most of the microsphere sensors reported to date detect the change in the ambient
RI due to interactions of the evanescent “tail” of the WGMs with the surrounding
medium. A most typical case involves a silica microsphere surrounded by air, so
that there is a large RI contrast, leading to a very small radiation loss and, in turn,
very high Q factor. Vollmer et al. reported specific detection of proteins absorbed
on a spherical surface down to single molecules by observing the resonant
wavelength shift of WGMs [18]. Although they didn’t understand precisely the
nature of the interaction between WGMs and protein molecules bound to the
microsphere surface, it was predicted that when a layer of protein accumulates on

the surface of the sphere, the optical field of the mode protrudes further outward,
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increasing the light path at the molecules binding site. Teraoka et al. [40]
described the perturbation theory for the wavelength shift of WGM resonances in
a microsphere coated with a high RI index layer and demonstrated that such a
layer enhances the sensitivity of WGM frequency-shift sensors when used to
detect adsorption of molecules and a change in RI in the surroundings. Later, Nai
Lin et al. used this approximate model to calculate the thickness-dependent
sensitivity of a zeolite coated microsphere to ammonia gas [42].

However, only a very few studies have been concerned with WGM microsphere
resonators for measurement of humidity and gas concentration in air, particularly
for ammonia gas [42], [51]-[53]. In this thesis the use of different functional
coatings, based on the hygroscopic agarose gel and a porous silica gel, have been
explored for realizing measurements of water vapor and ammonia gas
concentration in air with high sensitivity, high accuracy and low detection limits,
using the WGM principle.

To the best of the author’s knowledge no detailed theoretical analysis has been
carried out in relation to sensitivity of agarose-coated spherical microresonators to
relative humidity and no related experimental studies have been reported to date,
which prevents the development of practical devices for highly demanding
environmental applications. Similarly, no studies were reported in relation to
detection and quantification of ultra-low concentrations of ammonia gas with
WGM sensors using silica gel coatings. Although the coating materials based on
agarose and silica gel previously showed promise as functional coatings for
various fiber sensors in terms of high sensitivity, repeatability, long-term stability,
there is a lack of knowledge in relation to design and fabrication of WGM sensors

with such coatings.
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Finally, the concept of multi-parameter sensors, where two or more microspheres
functionalized with different coating materials to target different gas analytes are
combined using a common coupling and interrogation system, has not been
sufficiently explored in the literature to date. Development of such a sensor array
could help address the challenges of simultaneous measurement of multiple

parameters with minimum cross-sensitivity and to reduce the cost of interrogation.

1.6 Research aim and objectives

The main goal of this research is to:

“Develop and investigate novel ultra-high sensitivity sensors for
environmental applications based on the WGM effect in polymer-coated
WGM silica fiber microsphere resonators with a particular focus on relative

humidity and ammonia gas sensing”.

Achieving this goal requires the acquisition of a deeper knowledge of the
fundamental principles of the WGM effect in this type of microresonators, the
development of relevant numerical models, functional coatings, coating
applications methods and addressing a range of sensor design issues, such as
compactness, long term stability combined with ultra-high resolution and fast

response. The specific objectives of this doctoral research are as follows:

@ A simulation platform for predicting the WGMs behaviour in coated
microspherical resonators based on perturbation theory and validate with
experimental outcomes. The purpose of this analysis is to correlate the
simulated WGM spectra with those measured experimentally in order to
determine the unknown physical parameters of the coatings and to gain a
better understanding of the sensing behaviour of the WGMs.
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@ Based on the above model and an improved understanding of the WGM
phenomena, enhance the performance of the WGM sensors by using
different types/thickness of functional coatings and by optimizing the
parameters of the microsphere (e.g., diameter) and the coupling tapered
fiber (waist diameter and length), to achieve the highest possible Q factors,
most efficient coupling and ultra-high sensitivity to address challenging
environmental sensing applications.

@ Develop a simple and reliable fabrication process for this type of sensor
based on the dip coating method for functionalizing the microsphere’s
surface with a particular focus on sensing of relative humidity and
gas/analyte concentrations in air.

@ Investigate different sensor interrogation methods; compare their
performance and relative merits in practical applications for the WGM
Sensors.

@ Develop and demonstrate experimentally a new approach to simultaneous
sensing of multiple physical parameters by coupling an array of
microspheres to a single adiabatic fiber taper using common interrogation

system.

1.7 Research Methodology

As mentioned previously the core chapters of the thesis are presented as a series of

linked journal publications. For this reason, in this introduction chapter it is useful

to provide an overview of the general methodology employed for the research.
This research is focused on investigation and demonstration of ultra-high

sensitivity sensors for measurement of relative humidity and gas concentrations in
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air based on whispering gallery mode effect in spherical WGM microresonators.
For all the experiments in this thesis the sensors consisted of a silica microsphere
placed in direct physical contact with an adiabatic tapered fiber, as shown
schematically in Fig. 1.6. A portion of light transmitted within the tapered fiber
will be coupled and trapped inside the microcavity via total internal reflections
from the boundaries of the microsphere surface. The trapped light propagates as a
WGMs which are noticeable in the transmission spectrum of the tapered fiber as
narrow spectral dips. As mentioned previously if the surface of the microsphere is
modified with an appropriate functionalization layer so that it can adsorb and
desorb water or other analyte molecules, this will introduce changes of the optical
path, cavity loss, effective RI and radius of the microsphere, resulting in the shift

of the WGM resonant wavelengths as shown in the inset of Figure 1.6.

Functionalizing
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Wavelength (1)

Wavelength (1)

Fig. 1.6 Schematic diagram of a WGM microresonator as a relative humidity/ammonia sensor

The methodology employed throughout the research undertaken in this thesis

typically consisted of a sequence of related steps as follows:

» Numerical investigations of the WGM microsphere-based sensors:
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@ Develop understanding of fundamentals of WGMs in the coated
microsphere with the functional coating materials for specific
applications. This involved:

o An analytic and theoretical study utilizing existing published
knowledge as a foundation. Appropriate computer based models
have been developed to simulate the spectral responses of the
WGM resonators under a variety of conditions using a custom code
in MATLAB, based on the perturbation theory and coupled mode
theory for analysis of coupling between the tapered fiber and
microsphere.

o Investigation and analysis of the influence of the optical fiber taper
profile, waist diameter and surface roughness on the coupling loss
between the microsphere and tapered fiber. This also involved
optimization of these parameters to achieve high coupling
efficiency, large Qfactor and desired free spectral range for the
sensor.

o Investigate the influence of the coating material’s RI, layer
thickness and surface roughness on the sensitivity of the sensors to
relative humidity and ammonia gas concentration.

o Validate the developed models experimentally and subsequently
apply them to refining the operation of the practical WGM sensors
in order to improve their performance and to achieve the required
sensitivity.

» Fabrication of the WGM microsphere based sensors

@ Fabrication of microspheres and tapered fibers
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o The tapered fibers were fabricated using customized micro-heater
brushing technique described in [54]. The shape of a fiber taper
which has significant influence on the sensitivity and Q factor of
WGM sensors. The influence of heating temperature, heating zone
length and motorized translation moving function and speed were
investigated and these parameters were optimized to achieve a
smooth surface and designed shape of the fiber tapers.

o The silica microsphere samples were fabricated from a tip of a
single mode fiber using a standard fusion splicer in a manual mode
by applying a controlled number of electric arc discharges or the
micro-heater. In each case the fabrication parameters, such as the
number of fusion splicer arcs or the micro-heater temperature/time
of exposure were optimized to achieve smooth microsphere surface
and the designed diameter. Fig 1.7 shows typical microscopic
images of a cleaved single mode fiber (left) and fabricated

microsphere (right).

Fig. 1.7 Optical microscope images of a bare fiber and microsphere
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@ Microsphere surface modification
o Investigation of different processes for surface modification of the
microspheres was performed for various sensing applications. The
corresponding coatings preparation methods are described in the
main body of the thesis. The coatings were typically applied using
the dip-coating method, and the relevant details in each case are
also provided for each of the experiments.
o The thickness of the coating materials and surface roughness were
analyzed using scanning electron microscopy.
@ Typical coupling and WGM microsphere characterization setup
o Fig.1.8 schematically illustrates a typical transmission spectrum
characterization setup for a WGM sensor. The system consists of a
broadband light source, polarization controller and optical
spectrum analyzer. The microsphere, mounted on a XYZ nano-
positioning stage, is gradually and carefully brought in direct
contact with the tapered fiber until the WGM resonances are
clearly observed in the transmission spectrum of the fiber taper. An

optical microscope is used to guide the coupling process.

0SA

Microsphere " Tanered fiber

\:4_ :
. T ——— "H'T o‘
Polarization controller '

Fig. 1.8 Schematic diagram of a typical coupling and characterization setup for a WGM

microsphere resonator
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> Experimental studies of the sensor’s response to relative humidity/

ammonia

Functional coatings were prepared and applied on the microsphere
surface to measure the concentration of water vapors as well as
ammonia in the humidity and temperature controlled chamber.
Agarose hydrogel was utilized for relative humidity measurements
and porous silica gel-coating was used to detect changes in the
ammonia concentration in air.

For each type of coating, the influence of the coating thickness on
the sensors’ performance was investigated separately for both
relative humidity and ammonia concentrations in the chamber at
constant temperature.

Other important parameters associated with these sensors were
investigated experimentally such RH/NHs measurement range,
sensitivity, response times, temperature dependence, repeatability
and hysteresis.

High and ultra-low concentrations of water vapors as well as
ammonia were investigated in detail using different interrogation

techniques described in the main body of the thesis.

1.8 Layout of thesis

This thesis is based on a series of linked publications prepared during the period

of this PhD research. The publications are all 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-
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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.

The layout of the thesis is as follows:

Chapter 1 is this introductory chapter containing the background for the
research, a brief overview of fundamentals of WGMs in microsphere resonators,
analytical models for uncoated and coated WGM microspheres, introductions to
the concepts of coupling efficiency and Q factor, an outline of the research aim
and objectives, research methodology and the layout of the thesis.

Chapter 2 presents a novel agarose coated silica microsphere resonator
sensor for measurement of relative humidity (RH) and its experimental
investigations. The proposed sensor offers a high sensitivity to humidity of 518
pm/ %RH within the range from 30% -70% RH. An experimental study of the
humidity response for the sensors fabricated using three different concentrations
of agarose gel is also presented. The results of the investigations of other
important characteristics of the sensor such as repeatability, long-term stability of
performance, measurement accuracy and temperature dependence are also
presented in this chapter.

Chapter 3 presents an in-depth investigation, both theoretically and
experimentally, of the influence of the agarose hydrogel layer thickness on
sensitivity of the silica microsphere to humidity. Using perturbation theory, the
influence of the agarose coating thickness on the sensitivity of the proposed sensor
is analyzed and compared with experimental findings for different coating layer
thicknesses. The results of the study are useful for the design and optimization of

microsphere sensors’ parameters to meet various performance specifications.
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Chapter 4 is devoted to further experiments with the agarose-coated
microsphere in the low relative humidity (RH) range (below 25 % RH). A detailed
noise analysis, repeatability tests, hysteresis study, response time and temperature
effects are also presented in this chapter.

Chapter 5 describes a novel ultra-high sensitivity ammonia gas sensor based
on a silica gel coated microsphere resonator. This chapter also presents a
comparative study of the sensor performance using two different interrogation
systems (optical spectrum analyzer and frequency detuning). In addition it
presents the results of the repeatability tests, temperature effect analysis and study
of the sensor’s cross sensitivity to other VOCs.

Chapter 6 describes a novel approach to simultaneous sensing of two
physical parameters using the WGM sensors coupled to a single fiber. In this
chapter, an array of two silica microspheres coated with different polymer layers
has been proposed and demonstrated experimentally, capable of sensing ammonia
in air and relative humidity simultaneously. A detailed performance analysis and
studies of the coating’s cross-sensitivity and temperature dependence are also
presented.

Chapter 7 presents the overall conclusions from this work and an outlook

into future research directions.
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2. Spherical microresonator for relative

humidity (RH) measurement

Humidity is the quantity of water vapor present in air. Absolute humidity and
relative humidity (RH) are the two most commonly used measures of humidity.
Absolute humidity is the amount of water vapor in a unit volume of air regardless
of temperature. Relative humidity is the most popular measure used in both the
scientific world as well as in industry. RH is defined as the percentage of water
vapor present in air at a particular temperature and pressure with respect to the
maximum amount of water vapor required to saturate the same volume of air at
the same temperature. Humidity measurements play a very significant role in
agriculture, food industry, clinical medicine, chemical, civil engineering, textile

and semiconductor industries and many other fields, some of which are illustrated

in Fig.2.1.
" Semiconductor |
~ Industry |
' Fi"“ ) | Aerospace
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Fig. 2.1 Application areas of humidity sensors

In some industries humidity measurements are critical because it may affect the
quality of products, for example the shelf-life of foodstuffs. Hence, humidity

sensing is very important, especially in the control systems for industrial processes
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and for human comfort. In recent decades, various humidity sensors have been
proposed and developed, whose operation relies on sensing RH in terms of
resistance or capacitance. However, development of a miniature humidity sensor
that can offer a complete set of desired characteristics and parameters, such as
high resolution and sensitivity, good linearity, low hysteresis and rapid response
time, still remains a challenge.

This chapter addresses one of the main objectives of the thesis as it focuses
on the development of a novel high sensitivity relative humidity sensor based on
the WGM effect in a spherical microresonator coated with a layer of hygroscopic
polymer material agarose. Its results demonstrate that the proposed sensor allows
for the detection of RH with high sensitivity by measuring the WGM resonance
wavelength shift due to the refractive index change of the agarose layer induced
by changes in the surrounding RH. The chapter also examines the sensitivity of
the sensor to RH and the Q factor of the resonator under different concentrations
of agarose within the coating and for different coating thicknesses. The results of
the experimental studies of the sensor’s stability, hysteresis and RH detection limit

are also presented and analysed.

2.1 Agarose Coated Spherical Micro Resonator for

humidity Measurements?

Abstract: A new type of fiber optic relative humidity (RH) sensor based on an

Agarose coated silica microsphere resonator is proposed and experimentally
demonstrated. Whispering gallery modes (WGMs) in the micro resonator are

excited by evanescent coupling using a tapered fiber with ~3.3 um waist diameter.

* Arun Kumar Mallik, Dejun Liu, Vishnu Kavungal, Qiang Wu, Gerald Farrell, and Yuliya Semenova, “Agarose Coated
Spherical Micro Resonator for Humidity Measurements,” Optics express, Vol 24, 21216-21227 (2016).
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A change in the relative humidity of the surrounding the resonator air induces
changes in the refractive index (RI) and thickness of the agarose coating layer.
These changes in turn lead to a spectral shift of the WGM resonances, which can
be related to the RH value after a suitable calibration. Studies of the repeatability,
long-term stability, measurement accuracy and temperature dependence of the
proposed sensor are carried out. The RH sensitivity of the proposed sensor
depends on the concentration of the agarose gel which determines the initial
thickness of the deposited coating layer. Studies of the micro- resonators with
coating layers fabricated from gels with three different agarose concentrations of
0.5%, 1.125% and 2.25 wt./vol.% showed that an increase in the initial thickness
of the coating material results in an increase in sensitivity but also leads to a
decrease of quality factor (Q) of the micro resonator. The highest sensitivity
achieved in our experiments was 518 pm/%RH in the RH range from 30% to 70%.
The proposed sensor offers the advantages of a very compact form factor, low
hysteresis, good repeatability, and low cross sensitivity to temperature.

Key words: Optical Resonators; Micro-optical Devices; Fiber Optic Sensors;

Micro structured fibers.

2.2 Introduction

Whispering gallery mode (WGM) based micro resonators have attracted
significant attention from researchers for applications in various photonic devices
and sensors due to their ultra-high-quality factors (Q), low absorption loss and
easy and inexpensive fabrication methods. A significant amount of research work
has been carried out on various micro resonator shapes, such as microspheres [1],
[2], microdisks [3] and microtubes [4]. Inside such a circular-shaped resonator the

38|Page



light propagates in the form of whispering gallery modes as a result of total
internal reflection. Due to their extreme sensitivity to the size of the resonator and
also to the refractive indices of the resonator and the surrounding medium, WGMs
can be used for sensing of various parameters such as molecular adsorption [2],
refractive index [5] and stress [6]. Polymer coated spherical microresonators have
been previously developed for chemical vapor sensing [7]. When an optical
microresonator is coated with a thin layer of polymer, WGM frequency shift
occurs when the polymer undergoes a change in refractive index or thickness.
This change can be induced for example by adsorption from the local environment
by quantities such as the ammonia vapor [7].

Measurement of humidity is important in a wide range of applications, including
meteorology, agriculture, food industry, clinical medicine, manufacturing, civil
engineering and many other fields [8]-[10]. Several types of fiber optic humidity
sensors have been proposed and demonstrated to date, including a scheme based
on fluorescence [11], fiber Bragg gratings [12], interferometry [13] and surface
plasmon resonance [14]. Many of these sensing techniques involve using humidity
sensitive coatings or gels on the surfaces or end faces of the optical fiber. For
example, hydrogel polymers, such as polyvinyl alcohol (PVA) [15], [16],
polyethylene glycol [17] and agarose [18], have been previously proposed and
studied as coating materials for optical fiber based humidity sensors. Such
polymer coatings have the advantage of good reproducibility and long term
stability. The coatings usually swell physically and experience a refractive index
change in response to changes in relative humidity (RH). For example, Barian et

al.[18] demonstrated a tapered fiber coated with agarose gel for humidity sensing
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based on the refractive index change of agarose, which is linear over a wide range
of RH values [19].

In this paper we propose a new type of fiber optic humidity sensor based on an
agarose coated silica microsphere resonator. WGMs are excited in the agarose
coated microsphere by coupling evanescent light to and from a tapered fiber. In
this case the tapered fiber has a ~3.3 um waist diameter. Fabrication of the
microsphere and the fiber taper is an inexpensive process and involves
commercially available fibers. agarose gel is well known as a hygroscopic
polymer commonly used in biological research[20][21], with an advantage of
better long-term stability compared with materials used in[22] and [23].Three
sensor samples based on the silica microspheres dip-coated with agarose gel of
different concentrations (0.5, 1.125 and 2.25 wt./vol. %) are experimentally
investigated. A detailed study of the sensor in terms of its sensitivity, repeatability,

long-term stability and measurement accuracy is reported.

2.3 Experimental setup and sensor fabrication

2.3.1 Fiber taper fabrication

l W=3.3um

4
v

A
4

Fig. 2.2. Schematic diagram of the tapered fiber used for coupling the light into the
microsphere. The waist diameter W = 3.3 um, waist length L;=2 mm, full taper
length L,=12 mm and the length of the taper between the cured epoxy droplets on
the microscope slide Ls=4 cm.
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Tapered fiber with a waist diameter of ~3.3 um was prepared from a standard
single-mode telecommunications optical fiber (SMF-28 Corning) with core and
cladding diameters of 8.3 and 125 um respectively. For the experiments, a 1.5 m
length of this fiber was used and a 3 cm-long section at the center was stripped off
its coating by a mechanical stripper. The stripped part was cleaned with isopropyl
alcohol and then 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 [24]. 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 [25]. In our experiment the tapered waist diameter is
approximately 3.3 micron, the waist length is around L1 =2 mm and the full taper
length is circa Lo = 12 mm (as shown in Fig. 2.2). The fabricated fiber taper was
then fixed on a glass slide at a height of ~5 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 Ls=4 cm.

2.3.2 Microsphere fabrication

X
M.

Fig. 2.3. Optical microscope image of the microsphere with the diameter of 171 um
used in the experiment
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The microsphere for our experiments was fabricated at the tip of a standard single
mode fiber SMF-282. A small length of fiber (~3.8 cm) was stripped from one end
cleaned with isopropyl alcohol and cleaved. The cleaved end of the fiber was
placed inside a fusion splicer (Sumitomo Type-36). A series of electric arc
discharges was then applied to the cleaved end of the fiber so that the tip of the
fiber was gradually melted, assuming a spherical shape as the glass softens due to
surface tension. The diameter of the sphere increases with the number of arcs
applied. In our experiment we used a silica microsphere with a diameter of
171 um (Fig. 2.3). A variety of microsphere diameters were fabricated but it was
found that for our purposes the diameter had little effect on the sensing

performance.

2.3.3 Agarose gel coating preparation

Agarose is a complex sugar (polysaccharide) derived from the seaweed. agarose
gel is porous in nature and is used widely to separate, identify and purify nucleic
acid in the field of bio chemistry [26]. It is usually sold in a form of white powder
soluble in water at 34-38°C. In our experiment agarose powder, obtained from
Sigma Aldrich (A6013), was dissolved in water, in proportions of 0.5, 1.125 and
2.25 wt./vol.%. The solutions then were heated up to 65°C. To dissolve the
agarose in distilled water, the beaker containing the mixture was placed on a
heater combined with a magnetic stirrer. Microsphere samples were dipped into
the hot agarose solution and pulled out very fast. When the agarose solution cools
down and reaches room temperature, it polymerizes to form hydrogel and will not
assume a liquid form again unless it is heated above the melting point. All coated

microspheres were left to dry for 48 hours at room temperature.

2 SMF-28 was tapered down to 80 um.
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2.3.4 Experimental set up for RH measurements

Fig. 2.4 shows the experimental set-up for the humidity sensor characterization.
The system consists of a broadband light source (Thorlabs S5FC1005S),
polarization controller, optical spectrum analyzer (OSA, Advantest Q8384) and a
temperature controlled humidity chamber (ETS 5503). The fiber taper fixed on a
glass slide is placed inside the humidity chamber. The environmental chamber
consists of ~0.11 m? air tight space with an inlet and an outlet. The upper inlet is
made for the entry of the moist air into the chamber and the outlet is used for
dragging the moist air to the dehumidifier through a pump. The dehumidifier box
contains anhydrous calcium sulfate which absorbs moisture from the air. The
compressed dry air is pumped to regulate the RH in the chamber. The humid air
was obtained by bubbling dry air into the ultrasonic humidification system
(ETS5462) controlling the ratio of humid air and compressed dry air in the
chamber to achieve the required value of RH. This data is fed to the humidity
controller through the reference sensor head. The chamber controller system
allows for independent setup of both temperature and humidity inside the chamber.
The accuracy of the chamber is +2% RH. Each humidity measurement was
recorded five minutes after the RH level reached a certain set value to allow the

humidity level to stabilize throughout the chamber.

Humidity
controller

Polarization -
% f A =
Controller
- I Dehumidifier
o Sensor head [Ny
T =t Glass slide
’ ,,,,, ;‘—\ Microsphere A%
R g
\__._ 3 | 2 .
=~ \
X — el — =
0sA | | —— ‘f,— il $. ]]
- XYZ Translation stage _

Fig. 2.4. Experimental set-up used for RH measurement using spherical
microresonator.
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2.3.5 Sensor characterization

The coated microsphere was placed in contact with the tapered fiber inside the
humidity chamber. Light from the broadband superluminescent light source (SLD)
operating in the wavelength range 1530-1570 nm was launched into the fiber taper
and the corresponding transmission spectrum was observed at the taper output by
means of the OSA. The wavelength resolution of the OSA was 10 pm. The
microsphere, mounted on a XYZ nano-positioning stage, was gradually and
carefully brought in direct contact with the tapered fiber until the WGM
resonances were clearly observed in the transmission spectrum of the fiber taper.
The polarization controller was also adjusted manually to achieve maximum light
coupling efficiency. The humidity chamber was then closed and left to stand for
one hour in order to stabilize the RH and temperature throughout its volume. In
order to eliminate the effect of temperature variations, the temperature of the
humidity chamber was set to a constant 25 °C (close to room temperature)

throughout the entire RH measurement cycle.

2.4 Results and discussion

2.4.1 Spectrum characterization

Fig. 2.5 illustrates a typical fiber taper transmission spectrum achieved with the
agarose coated microsphere. As can be seen from the figure, WGM resonances are
clearly observed in the spectrum. The value of the free spectral range (F.S.R)
determined from the graph (3.141 nm) can be used to estimate the microsphere
diameter or its effective refractive index (RI) based on the approximate formula

[27]:
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2
F.S.R ~—20 (2.1)

TDNeff

where Ao, nets and D are the resonant wavelength, the effective refractive index of
the fundamental WGM for the microsphere and the microsphere diameter,

respectively.
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Fig. 2.5. Transmission spectrum recorded with an agarose coated microsphere with
a diameter of 171 um.

Effective RI can be calculated by solving the wave equation described in [28]
considering the RIs of silica (1.4682) and the agarose layer (1.336). This
numerical calculation resulted in the nesf = 1.4321 for this case, so that resulting
from the Eg. (2.1) microsphere diameter is 170.83 um, which is in a good
agreement with the result of the microscopic measurement (Fig. 2.3).

The Q factors for the microsphere before and after its coating with an agarose
layer were estimated from the experimental spectra by measuring the full width at
half maximum (FWHM) of the WGM resonance near 1551 nm (inset in Fig. 2.5
illustrates the corresponding WGM resonance and its Lorentz fitting in the
spectrum of the microsphere before its coating with agarose). The FWHM for an
uncoated microsphere was 14.47 pm at the wavelength of 1557.3493 nm. The
corresponding value of the Q factor was calculated as 1.076x10°. After
application of the agarose coating on the microsphere surface the Q factor

decreased to 1.56x10* Such a decrease in the Q factor is likely due to scattering
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caused by the surface roughness and higher absorption and scattering within the

agarose layer.

2.4.2 RH dependency

We recorded a series of transmission spectra for the sensor at different RH values
in the range from 35% to 81% RH. The corresponding results for the microsphere
coated with 2.25% concentration agarose solution are shown in Fig. 2.6 (a).

As can be seen from the figure, an increase in the surrounding RH leads to a red
shift of the WGM spectrum. This could be explained by the fact that when the
surrounding RH increases, the agarose coating absorbs more water from the
environment which leads to an increase of the effective refractive index of the
coating and also to an increase of the coating thickness, with both factors
contributing to the spectral shift of the WGMs. Fig. 2.6 (b) illustrates the shift of a
selected WGM resonant wavelength versus RH at a constant temperature of 25°C.
Two RH ranges within which the dependencies are almost linear but have
different slopes can be identified as follows: lower RH range (38.7-65.7%) with
lower sensitivity and a higher RH range (65.7-81%) with higher sensitivity. The
corresponding RH sensitivity values estimated from the graph are 17.51 pm/%RH
and 53 pm/%RH. It can also be noticed from Fig. 2.6 (a) that for the RH values
above 70%, losses in the transmission spectrum increases rapidly. The main
reason for such high losses may be the mechanical stress and resulting bend
experienced by the tapered fiber due to accumulation of the water molecules on its
surface. As mentioned in the previous section, the fiber taper was stretched in the
air 5 mm above the microscopic glass slide inside the chamber so that

accumulation of a quantity of water on the surface of the fiber taper may cause a
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slight sagging of the fiber taper. Another possible reason for the increased loss is
the increase of absorption by the micro resonator material due to the change of the

agarose layer properties at high RH.
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Fig. 2.6 Experimental results for the WGM resonator based on a 171 pm diameter
microsphere coated with 2.25% agarose gel coupled with a 3.3 um tapered fiber in
the range of humidity from 35 % to 81% RH at a constant temperature of 25 °C. (a)
WGM spectra at different RH levels; (b) wavelength shift of the WGM spectrum
versus RH; (c¢) humidity response of the WGM spectrum for an uncoated
microsphere resonator; (d) spectral shift versus RH for the sensors based on the
same diameter microsphere coated with the agarose solutions of different
concentrations.

To further investigate the influence of the high RH levels on the sensor
performance, an additional experiment was carried out with the same tapered fiber
but with an uncoated microsphere of the same diameter in the RH range from 28%
to 92%. The results are presented in Fig. 2.6 (c) where it can be seen that the
overall loss increases by circa 5 dB when the RH changes from 69% to 92%. A
small (~36 pm, equivalent to 0.56 pm/%RH) wavelength shift is also observed,

possibly due to stress induced onto the fiber by the water weight.

2.4.3 Coating thickness dependency

It should be noted that the average transmission loss level also depends on other

factors, such as the tapered fiber waist diameter and the coating thickness on the
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surface of the microsphere. To investigate the effect of coating thickness, three
different solutions with agarose concentrations of 0.5%, 1.125% and 2.25 wt./vol. %
were prepared and applied to the microspheres of the same diameter (171 um). Fig.
2.6 (d) shows that the RH sensitivity of the sensor depends significantly on the
concentration of the agarose solution used to form a coating layer. As can be seen
from Fig. 2.6 (d) the highest RH sensitivity is achieved with the 2.25% agarose
solution in the range of RH from 25% to 65%.

The influence of the thickness of the polymer coating on the RH sensitivity of
such a microsphere resonator can be analyzed as follows. It is known that the Q
factor of an uncoated micro resonator is determined by the total loss including
radiation loss,_scattering loss from the surface irregularities and by material

absorption, which can be expressed by Eq.(2.2) [27]:

1 1 + 1 + 1 4 1 +
Qin Qrad (Qabs)silica (Qabs)agarose Qs.s. Qcoupling

(2.2)

where 1/Qrag denotes intrinsic radiative (curvature) losses of the resonator,
1/(Qabs)sitica and 1/(Qabs)agarose denote the material absorption loss within the silica
microsphere and the polymer layer, respectively, 1/Qs.s. denotes scattering losses
due to the microresonator surface inhomogeneities and 1/Qcoupling - l0sses due to
coupling with the fiber taper. 1/Qrad can be neglected in our case since this term
vanishes exponentially for the resonators with D/A >15 [27]. The absorption
limited Q factors can be calculated as (Qabs)silica =27ns/Aras and (Qabs)agarose
=2nnal lraa, Where as, Ns and aa, Na are optical attenuation coefficients per unit
length and refractive indices of silica and agarose layer respectively. Since optical
attenuation within the agarose layer is several order of magnitude higher than that

in silica, so the term 1/(Qabs)agarose Will be much higher than 1/(Qabs)silica. When the
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polymer layer thickness increases, greater portion of light energy is distributed
within the polymer and thus the change in the polymer’s RI (na) in response to
changing RH leads to a higher RH sensitivity of the micro resonator. However, as
the thickness of the polymer layer increases, the larger material absorption loss in
the polymer compared to silica contributes to an overall decrease of the Q factor
for coated resonators. Another significant contribution to the overall losses is due
to scattering on the surface inhomogeneities, which strongly depends on their rms
size and correlation length. In practice the total Q factor for the agarose coated

resonators considered in this study is limited by the last three terms of Eq (2.2).
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Fig. 2.7. Experimental spectra and Lorentzian fitting for a 100 pm diameter
microsphere coated with 2.25% agarose hydrogel: a) after one coating cycle; b)
after three coating cycles; c) Q factor versus the number of coating cycles

To further analyze the influence of the coating layer thickness, we carried out a
series of experiments for a silica microsphere of a fixed diameter (100 pum) which
was coated with 2.25wt./vol.% agarose gel applied multiple times through
repeated coating cycles, forming coatings with progressively larger thickness

values. The WGM spectra of the coated sphere were recorded after one, two, three,
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four, five and six coating cycles respectively using the same setup and the same
tapered fiber at a constant temperature (23 + 0.4°C) and humidity (66 %RH). The
spectra were further analyzed to estimate the corresponding Q factors, as
illustrated in Fig. 2.7 (a, b).

The quality factor can be calculated as Q=Ares/ AlrwHm, Where Ares iS the resonance
wavelength and AArwnwm is the FWHM of the resonant lobe. We estimated the
FWHM as 33.3 pm and 51.52 pm at the wavelengths of 1545.261 nm and
1545.035 nm, respectively. The corresponding Q factor values are thus estimated
as 4.64x10* for the microsphere after the first coating cycle and 2.99x10* for the
same microsphere after two coating cycles were carried out. As illustrated in Fig.
2.7 (c), the Q factor of the sphere gradually decreased with each consequent
coating cycle. The RH sensitivity of the sensors based on the same silica
microsphere with different thicknesses of the agarose coating was also
investigated in the RH range from 30% to 70% RH and the results are presented in
Fig. 2.8 (a). The resonance wavelength shift over the entire humidity range was
0.41 nm for the sensor with a single coating, 0.964 nm for the sensor coated twice

and 1.54 nm for the same sensor after three coating cycles.
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Fig. 2.8 (a) RH response of the sensor based on a 100 um diameter microsphere
with a different number of agarose layers: (b) Q factor and estimated RH sensitivity
for the 100 um diameter microsphere with a different number of agarose coating
layers
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Although the thickness of the agarose gel could not be controlled accurately, these
results demonstrate that sensitivity gradually increases with the increase of the
agarose layer thickness. The maximum sensitivity in our experiments was
observed for the sensor coated six times and was estimated at 518 pm/%RH which
is significantly higher than that of 10 pm/%RH for the sensor with single coating
as illustrated in Fig. 2.8 (b).

This result is also, to the best of our knowledge, the highest sensitivity reported
for agarose coated fiber optic sensors, including that of 114.7 pm/%RH in the
range 25%-96% RH for an agarose- coated long-period grating (LPG) reported in
[29] and for an agarose-coated photonic crystal fiber interferometer previously
reported by our group in [30], where for the same number of coating cycles the

sensitivity was ~200 pm/%RH in the range of 30-90 %RH.

2.5 Sensor characterization

The detection limit of the proposed sensor is calculated as the ratio of sensor
resolution (R) to the sensitivity of the sensor (S). The sensor resolution depends
upon the different sources of noise involved in the measurement and determined

by the Eq. (2.3) [31]:

— 2 2 2
R = 3\/Uamp—noise + Utemp—induced + Ospec—res (23)

where

AL
Oamp-noise ~ 4.5(SNR)0'25 (2.4)
o is the standard deviation of resulting spectral variation and 44 is the full-width
half maximum of the mode amplitude derived from the Q factor by Q=4/44. The

Q factor of the 171 pum coated microsphere calculated from the transmitted
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spectrum was 1.69 x 10* and the FWHM calculated by fitting the resonance dip
with Lorentz equation was 91.06 pm at A =1537.164 nm. We assumed the SNR
(Signal to Noise Ratio) of the system is approximately 60 dB, then the gamp-noise IS
calculated as 0.636 pm. We also assumed the standard deviation due to
temperature stabilization is 10 fm [31]. The spectral resolution of the optical
spectrum analyzer used for our experiment is 10 pm =%3%. The error in
determining the position of the resonant mode is uniformly distributed between -
0.3 pmto + 0.3 pm and the resulting standard deviation of ogpect—res 1S 0.1732 pm.
The overall sensor resolution is R =1.977 pm. The detection limit of a 171 um
diameter coated microsphere is 1.1 x 10" %RH in the humidity range 38.7 -
65.7%RH and 3.7 x 102 %RH in the humidity range 65.7-81 %RH. It should be
noted that the detection limit also depends on the nature of the optical source,
where a narrow line width source will improve the detection limit [31]. However,
such an improvement is not included or assumed here as in our case we used a

broadband source.

2.5.1 Sensor stability
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Fig. 2.9 (a) Relative humidity responses of the sensor, measurements recorded
seven days apart; (b) studies of the sensor hysteresis: humidity response for the 171
um microspheres coated with different agarose concentration coatings during RH
increase-decrease cycle at 25°C.
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To test the stability of the sensor, RH measurements were carried out using the
same sensor sample after a time interval of seven days in the RH range from 35%
to 65% at a constant temperature. The sample used in this experiment was a
171 pum diameter microsphere coated with a 2.25 % agarose concentration gel. It
can be seen in Fig. 2.9 (a), that the performance of the sensor is quite stable over
one week with small fluctuations only. Fig. 2.9 (b) illustrates studies of the
hysteresis characteristics using data from humidification-dehumidification cycle
for the three sensors based on the 171 um diameter microspheres coated with
hydrogel films with agarose concentrations of 0.5, 1.125 and 2.25 wt./vol.%. It
can be seen from the figure that all the three sensors demonstrate very small or no
hysteresis.

Finally, to investigate the effect of temperature on the RH sensor performance, the
humidity in the chamber was set to constant at 41% RH. The temperature was
then gradually raised from 16 °C to 27 °C. The wavelength shift of the WGM
spectrum with temperature is shown in Fig. 2.10. It can be noted that the
temperature sensitivity of the sensor is small compared to its RH sensitivity. For a
171 um diameter sensor coated with 2.25% of agarose hydrogel it is estimated as

~6 pm/°C in the temperature range of 16 -27 °C.
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Fig. 2.10. Resonance wavelength shift versus temperature for the 171 um
microsphere coated with 2.25% wt./vol. agarose solution at 41% RH.
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2.6 Conclusion

A novel type of relative humidity sensor based on a whispering gallery mode
microresonator has been proposed and experimentally demonstrated. WGMs are
excited in the silica microsphere dip-coated with an agarose gel evanescently
coupled to a tapered fiber. Changes in the refractive index and thickness of the
Agarose coating arising due to changes in the surrounding relative humidity lead
to a spectral shift of the WGM resonances which can be related to the RH value
after a suitable sensor calibration. The RH sensitivity of the proposed sensor
depends on the concentration of the agarose gel which determines the initial
thickness of the coating deposited on the microsphere. Studies of the coating
layers fabricated from gels with three different agarose concentrations of 0.5%,
1.125% and 2.25 wt./vol.% and also by application of coating with the same
agarose concentration through repeated coating cycles showed that an increase in
the thickness of the coating material results in an increase in sensitivity but also
leads to a decrease of quality factor of the micro resonator. The highest sensitivity
achieved in our experiments was 518 pm/% RH in the RH range from 30% to
70%. The proposed sensor offers the advantages being very compact in nature,
whilst also demonstrating low hysteresis, good repeatability, and a relatively low

Cross sensitivity to temperature.
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3. Study of the influence of the functional
coating thickness on sensitivity of the
WGM sensor

In the previous chapter a novel highly sensitive relative humidity sensor was
proposed and demonstrated experimentally based on a silica microsphere WGM
resonator coated with a thin layer of natural hygroscopic polymer agarose. It was
demonstrated that when the atmospheric humidity level changes, the refractive
index of the coating layer also changes, resulting in the spectral shift of WGM
resonances, observed in the transmission spectrum of the light coupling fiber taper.
It should be noted however that the WGM spectrum and its sensitivity to humidity
for such a sensor also significantly depend on the coating properties, primarily on
its thickness. Therefore there is a need to investigate the relationships between the
coating thickness of the agarose layer and other parameters of the sensor.

This chapter focuses on the theoretical analysis and experimental investigations of
the dependence of sensitivity and spectral Q factor for the proposed sensor on the
thickness of agarose coating material. Using the perturbation theory and custom
developed MATLAB code, the influence of the agarose coating thickness on the
sensitivity of the proposed sensor has been analyzed and the results of the analysis
have been verified experimentally. The chapter’s main contributions are the
development of a reliable theoretical model for predicting the WGMs behavior in
coated microspherical resonators for an improved understanding of the WGM

phenomena that can be applied to similar sensor structures.
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3.1 Study of the influence of the agarose hydrogel layer
thickness on sensitivity of the coated silica micro

sphere resonator to humidity?

Abstract: In this paper, we investigate both theoretically and experimentally the

influence of the agarose hydrogel layer thickness on sensitivity of a proposed
relative humidity (RH) sensor based on a silica microsphere resonator coated with
agarose hydrogel. The operating principle of the sensor relies on excitation of
whispering gallery modes (WGMs) in the coated silica microsphere using the
evanescent field of a tapered fiber. A change in the ambient relative humidity is
detected by measuring the wavelength shift of the WGMs in the transmission
spectrum of the tapered fiber. Using perturbation theory, we analyze the influence
of the agarose coating thickness on the sensitivity of the proposed sensor and
compare the results of this analysis with experimental findings for different
coating layer thickness. We demonstrate that an increase in the coating layer
thickness initially leads to an increase in the sensitivity to RH and reaches
saturation at higher values of the agarose layer thickness. The results of the study
are useful for the design and optimization of microsphere sensors parameters to
meet a performance specification.

Keywords: Microcavities; Microcavity devices; Fiber optics sensors; Optical

resonator; Total internal reflection;

3.2 Introduction

8 Arun Kumar Mallik, Qiang Wu, Gerald Farrell, and Yuliya Semenova, “Study of the influence of the Agarose hydrogel
layer thickness on sensitivity of the coated silica microsphere resonator to humidity,” Applied Optics, Vol 56 ,4065-4069
(2017)
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Optical microspheres with whispering gallery modes (WGMs) have become the
focus of many theoretical and experimental studies and the basis for a number of
reported ultrasensitive sensors of chemical, physical and biological quantities [1]-
[5]. The high Q factor, very small mode volume and narrow spectral lines of the
WGMs make the microsphere resonators attractive for the design of highly
sensitive and accurate sensor systems. In addition, spherical micro-resonators are
attractive because they can be easily fabricated at the tip of an optical fiber and the
WGMs can be excited by evanescent light coupling using a simple setup, for
example, based on a tapered fiber. The principle of such a sensor operation relies
on measurements of the shift of the resonance wavelength against any variation of
the microsphere size or any change in the optical properties of the surrounding
medium. Arnold et al. reported specific detection of proteins absorbed on the
surface of a microsphere [1] and showed theoretically that an atomic thickness can
lead to a detectable shift of a given resonance frequency. The reports in [2], [3]
described refractometric sensors based on microsphere resonators with a
sensitivity of up to 30 nm/RIU (refractive index unit), leading to a detection limit
for refractive index (RI) in the order of 107RIU [3]. Subsequently Ma et al.
demonstrated temperature and humidity sensing with microsphere resonators [5].

Most of the microsphere sensors reported to date detect the change in the ambient
RI because the evanescent “tail” of the WGM, penetrates into the surrounding
medium. Typically, the surrounding medium and silica microsphere have a large
RI contrast, so that the radiation loss is very small, resulting in very high Q factors
[6]. On the other hand, this leads to a limited sensitivity of WGMs to the ambient
RI, since the evanescent field is located very close to the microsphere’s surface.

This means that chemical molecules with poor adsorbability to the microsphere
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surface are difficult to detect using the sensing principle above. Teraoka et al. [7]
examined the properties of spherical micro-resonators coated with high RI.
materials and demonstrated that the high RI coating layer enhances the sensitivity
of the WGM wavelength shift. They also described a perturbation theory for the
wavelength shift of WGM resonances in a microsphere coated with a high RI
index layer [7]. Later, Nai Lin et al. used this approximate model to calculate the
thickness-dependent sensitivity of a zeolite coated microsphere to ammonia gas
[4]. They demonstrated that the zeolite coating enhances the typically small
microsphere surface-to-mass ratio and most importantly acts as an effective
concentrator of the analyte molecules absorbing them within the layer close to the
surface.

Recently we proposed and demonstrated an ultrasensitive relative humidity (RH)
sensor based on a silica fiber microsphere coated with a thin layer of agarose
hydrogel prepared from a 2.25% wt./vol. agarose solution [8]. Agarose is a
hygroscopic material, which has proved to be highly stable and can be easily
applied to the surface of the device by dip coating. Changes in the surrounding
RH induce changes in the RI of the agarose coating layer and thus cause a spectral
shift in the WGM resonant wavelengths, which with a suitable calibration can be
used for the measurement of RH. Experimental results presented in [8] showed
that RH sensitivity of the sensor increases with the increase of the thickness of the
agarose coating. On the other hand, increase in the agarose layer thickness also
resulted in the decrease of the Q factor due to higher absorption loss within the
coating layer, ultimately limiting the sensor’s resolution. This paper aims to
develop deeper understanding of the relationship between the thickness of the

agarose layer and sensitivity of the sensor to RH. We analyze the influence of the
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agarose coating thickness on the RH sensitivity of the proposed sensor using
perturbation theory and compare the results of this analysis with experimental
findings for different coating layer thicknesses. To the best of our knowledge this
is the first systematic study on this topic allowing to determine an optimal agarose
layer thickness for the best possible trade-off between sensitivity and absorption

loss for a given microsphere diameter.

3.3 Theoritical analysis

In our analysis, we use the model based on the perturbation theory for the WGM
resonances in a coated microsphere developed in [7] and [4]. Fig. 3.1 shows a
schematic diagram of the microsphere of radius ao with a surface coating layer of
thickness t considered in the model. The Rls of the microsphere and the agarose
coating layer are n1 and nz and the RI of the surrounding medium is na.

For simplicity, we consider only fundamental WGM modes (I = m and, n = 1,
where n, I, and m are the radial, azimuthal and polar mode numbers respectively)
of TE polarization.

First, we considered an uncoated silica microsphere (ny = 1.4682; no= nz3=1)
with a radius ap = 130 um with a WGM resonance near A = 1551.12 nm (matching
those in our experiment). Solving the characteristic equation for the fundamental
mode given in [4] for the above parameters gives | = m = 757. Setting the |
constant (757), we then introduce the agarose coating in the model by assuming
new values for n; = 1.3385 as the RI of the bulk of the agarose layer and n3 = 1.0
as the surrounding RI. The value of n, was measured for the agarose gel

experimentally using Abbe refractometer.
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Fig. 3.1 Schematic diagram of the agarose coated microsphere.

The electric field distribution for the WGM mode (TE polarization) in a coated

microsphere can be calculated as [4]:

A lllJl (nlk(n)r) r< dg
En =1 Biyy (nzk(n)r) +x1 4 (nzk(n)r) ap<r< a; (3.1)
Cixy (n3k(n)r) r>a;

where Ay, By and C,are constants determined from the boundary conditions for the
given mode number.

Fig. 3.2 illustrates the simulated electric filed distributions for different values of
the agarose layer thickness obtained by solving boundary conditions for the mode

with | = 757 using MATLAB software.
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Fig. 3.2 Radial field distributions for the fundamental WGM with | = m = 757 and
different agarose coating thickness values:(@) t=0; (b) t =0.5 umand (c) t = 2 um.
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The RI sensitivity for the TE polarization (Ste) of the coated microsphere can be

calculated as [4]:

nAgl,
2 2 2
nl+nsl, +n3ly

Ste =

(3.2)

where I3, I2 and I3 are the fractions of the mode’s energy distributed within the
silica microsphere, agarose coating layer and the surrounding medium
respectively.

Fig. 3.3 shows the simulated dependence for the RI sensitivity of the fundamental
WGM above versus the agarose coating layer thickness. One can see from the

graph that the estimated RI sensitivity saturates around the value of 1.5 pum of the

coating thickness.
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Fig. 3.3 Simulated dependence for the RI sensitivity of the fundamental WGM
above versus the agarose coating layer thickness.

3.4 Experimental results and discussion

The microsphere for our experiments was fabricated at the tip of a standard
SMF28 single mode fiber by applying a series of electric arc discharges. The
sphere diameter in the experiment was measured using an optical microscope as
260 pm. Agarose hydrogel for the coating was fabricated using commercially

available agarose powder from Sigma Aldrich (A6013). The hydrogel solution
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was prepared by adding 2.25% wt./vol. of the agarose powder into deionized (DI)
water followed by stirring at 80 °C temperature until the agarose powder
completely dissolved in the DI water. The RI of the agarose gel was measured as
1.3385 with the help of Abbe refractometer. The agarose layer was then applied
on the surface of the microsphere by dip coating method. Coating layers with
different thickness were realized by repeating the dip coating cycle multiple times
(up to six cycles in our experiment). After each coating cycle the microsphere was
kept at room temperature for one day to allow for curing. For light coupling to and
from the microsphere, an adiabatic tapered fiber was used with a waist diameter of
~3-4 pum. Such a diameter was chosen to ensure the match between the
propagation constant of the propagating mode in the taper with that of the WGM
mode of interest [9]. The fiber taper was placed in a close proximity with the
microsphere inside a chamber in which both humidity and temperature could be

controlled.
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Fig. 3.4 Experimental setup for RH measurements;

Light from the broadband superluminescent light source (SLED) operating in the
wavelength range 1530-1570 nm was launched into the fiber taper and the
corresponding transmission spectrum was observed at the taper output by means
of the OSA with a 10 pm wavelength resolution. The light transmitted through the

fiber taper received by a photodetector connected to an oscilloscope as shown in
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Fig. 3.4. Experimental transmission spectra were recorded and analyzed for the
uncoated microsphere and after each of the subsequent six coating cycles in the

RH range from 25 to 50% RH. The value of quality factor was estimated from the
experimental spectra as Q=" / AMpwrm | where 4 s the resonance wavelength

and Mrwnv s the full width at half-maximum of the resonant lobe calculated by

fitting the resonant dip with the Lorentz function.
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Fig. 3.5 Transmission spectra with the selected WGM resonances: (a) for uncoated
silica microsphere with a 260 um diameter and (b) for the same microsphere after
application of four agarose coating layers. Insets illustrate fitting of the selected
resonances and estimated Q factors.

Fig. 3.5 (a) and (b) illustrate as an example changes in the quality factor of the
microsphere due to application of the agarose coating. The Q for the uncoated
microsphere estimated as 5.87x10* decreases to ~1.61x10* after four cycles of
coating due to the increase in absorption loss within the agarose layer. Fig. 3.6
shows experimentally measured WGM spectra recorded at different humidity
levels for the microsphere coated with a single agarose layer. The inset graph
illustrates the shift of the selected WGM resonance versus changes in humidity

inside the chamber. Any increase in humidity inside the chamber gives rise to the
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adsorption of water molecules on the surface of the microsphere; water molecules

replace the air inside
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Fig. 3.6 Experimental WGM spectra for the microsphere coated with a single
agarose layer recorded at different humidity levels varying from 25 to 50% RH.
Inset graph illustrates the WGMs spectral shift versus changes in RH.

the micro pores of the coating layer, which in turn increases the effective RI1 of the
agarose layer. Increase in RH from 25% to 50% at a constant room temperature
resulted in a redshift in the WGM spectrum and the value of the spectral shift
increased with the increase of the number of agarose coating cycles (the coating
thickness) as shown in Fig 3.7 (a). Fig. 3.7 (b) summarizes the experimental data
related to RH sensitivity and Q factor values versus the number of coating cycles
for all the studied samples.

As expected, the quality factor decreases monotonically with the increase of the
coating thickness due to the increased absorption. The measured RH sensitivity,
on the other hand, initially grows with the increase of the coating thickness and
reaches saturation at higher coating thickness value. This result agrees well with
that predicted by the model (Fig. 3.3). Correlation between the experimental and
theoretical modeling results allows for an approximate estimate of the agarose
layer thickness achieved by the technique described above. Since we have
estimated the Q factor of the microsphere after each consecutive coating cycle, it

is possible to derive the layer
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Fig. 3.7 (a) Measured WGM wavelength shift versus RH changes for different
thickness of the Agarose coating; (b) Q factor and RH sensitivity from experimental
data and (c) experimental Q factor and calculated agarose coating layer thickness as
a function of the number of coatings.

thickness by comparing the resonance wavelength difference for every coating
cycle, for a certain mode at certain RH and temperature for this, we consider the
effective index of the resonance mode, determined by the refractive indices of

both silica and agarose, and the energy fraction of the mode distributed in both

parts:
! ; ! +7 ! (3.3)
~~n 2 .
Q Quncoated Qcoated
where
_ ny %l _ n,2I4
nl - n1211+n1211+n1211’ nz - n1211+n1211+n1211 (34)

Assuming the agarose coating is smooth and defect free so that intrinsic loss is
negligible, the total Q factor mainly depends on the absorption loss within the
agarose layer and can be expressed as Qcpated = 2T, /a,AR, Where o is the

propagation loss in the agarose coating (the approximate value for the agar
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material loss coefficient per unit length is 0.5 dB/cm [10]), n. is the coating RI
and Ar is the resonant wavelength. By comparing the results of simulations for the
fraction of energy (772) within agarose coating with the value of Q factor measured
experimentally, the coating thickness corresponding to each number of coating
cycles is derived and plotted in Fig. 3.7 (c) along with the experimental Q factor
values for each number of the coating cycles. With increasing the number coating
cycles of agarose the absorption loss is also increased significantly, as a result the

total Q factor decreases [4].

3.5 Conclusion

In this paper, we carried out a theoretical analysis of the sensitivity of the
proposed sensor based on perturbation theory and compared the results the
simulations with our experimental findings for the coating layers of different
thickness. It is concluded, that an increase in the coating thickness initially leads
to an increase in the RH sensitivity and then reaches saturation at agarose coating
layers with greater thickness (> 1.6 um in our experiments). The results of the
study are useful for the design and optimization of the microsphere sensor

parameters for a specified performance.
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4. Sensing of low humidity levels with the

agarose-coated WGM microresonator

The present chapter extends the study of humidity measurement based on 2.25%
wt./vol. agarose coated microsphere resonator to detect low concentrations of
water vapor in air. Over 70% of commercially available relative humidity sensors
are polymer-based capacitive sensors [1]. They are typically cost-efficient, offer
good linearity and stability within the humidity range from 20% to 80%RH.
However, in the low humidity range (below 20%RH) capacitive sensors exhibit
increasingly nonlinear characteristics, poor sensitivity, large hysteresis and
permanent offset values with the decrease of measurable humidity values. Many
manufacturers of such sensors often report a drop in sensor’s accuracy in a low
humidity range (the value of maximum error). In many applications, such as
fabrication of pure materials [2], detection of a trace moisture content in natural
gas pipelines, drying of solid materials, in meteorology [3], at high altitudes
(climate change studies), or in cosmonautical observations [4][5], the
measurement of low humidity is essential.

The previous two chapters have largely dealt with measurements of high humidity
levels from 30 %RH to 70 %RH using the developed agarose-coated WGM sensor.
It should be noted that in chapters 2 and 3 the sensor’s resolution and
corresponding water detection limit were determined by the interrogation method
involving a broadband light source and a standard optical spectrum analyzer. This
chapter explores a significantly different interrogation approach, namely
frequency detuning method in order to overcome the limitations in the resolution

imposed by the optical spectrum analyzer. Detailed experimental demonstration of
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the sensor’s capability to measure very low concentrations of water in air is
presented including studies of the sensor stability, repeatability, hysteresis,
response time and temperature dependence. The results and conclusions of this
chapter can be applied for enhancing the resolution and detection limits of similar

WGM sensors of other measurands.

4.1 A Coated Spherical Microresonator for Measurement
of Water Vapor Concentration at PPM Levels in

Very Low Humidity Environments*

Abstract: This paper presents a novel approach to measurements of low relative

humidity (RH) values based on the whispering gallery modes (WGMs) effect in a
small silica microsphere coated with a thin layer of agarose hydrogel. The light
from a narrow linewidth tunable laser with a few GHz tuning range is launched
into an adiabatic tapered fiber, which excites WGMs in the agarose layer via
evanescent coupling. Adsorption and desorption of water vapor by the agarose
layer in response to changes in ambient humidity lead to changes in the layer’s
refractive index, which in turn leads to a spectral shift of the WGM resonances.
We experimentally demonstrate the WGMs spectral shift over a range of RH
values from 1%RH to 25%RH. The proposed sensor displays linear response and
is capable of measurement of low concentrations of water vapor (corresponding to
about 11.7 £ 0.32 ppm water molecules in air). In addition, the proposed sensor

offers the advantages of a very small form factor and good repeatability. Detailed

“Arun Kumar Mallik, Gerald Farrell, Dejun Liu, Vishnu Kavungal, Qiang Wu, and Yuliya Semenova, “A coated spherical
micro resonator for measurement of water vapor concentration at ppm levels in very low humidity environments,” Journal
of Light wave technology, vol-36,2667 - 2674 (2018).
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studies of the sensor stability, cross sensitivity to temperature, response times, and
hysteresis are also presented.
Key Terms—Fiber optic sensor, micro-optical devices, optical microresonator,

whispering gallery modes.

4.2 Introduction

Whispering gallery mode (WGM) optical micro-resonators are well known for
their compactness, ultra-high-quality factors and small mode volumes. A large
amount of research has been carried out in the field of physical, chemical, and
biological quantities detection using such resonators [6]-[10]. WGMs are high
angular momentum modes which can be excited by trapping light inside a
dielectric structure with circular symmetry, such as a microsphere, by repeated
(near-) total internal reflections. Resonances occur when light retains the same
phase after each cycle of propagation. The spectral positions of the WGM
resonances are strongly dependent on the geometry of the dielectric resonator
(diameter, sphericity), the optical properties of the resonator material and on the
refractive index (RI) of the surrounding the resonator medium. This makes such a
device suitable for sensing of the surrounding RI or various chemical or biological
species if a suitable functional coating is applied to its surface. For example,
polymer-coated spherical microresonators have been previously developed for
chemical vapor sensing [6], where a change in the polymer RI was induced by
adsorption of ammonia molecules from the local environment. There are different
approaches to fabrication of dielectric microresonators. Silica microspheres are
easily fabricated by surface tension during melting of a silica fiber tip, resulting in
a clean, smooth surface with low optical loss and negligible scattering.
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Relative humidity (RH) is one of important environmental conditions usually
specified for cleanroom operations in the semiconductor, aerospace, food, and
pharmaceutical industries. Humidity measurement in industry is often critical
because incorrect humidity levels may significantly influence product quality and
production efficiency. Fiber-optic humidity sensors have some notable advantages
over conventional electronic humidity sensors, such as miniature size, light weight,
immunity to electromagnetic interference, water and corrosion resistance and
radiation tolerance. Several types of fiber optic humidity sensors have been
proposed and demonstrated to date, including those based on fluorescence [11],
fiber Bragg gratings [12], interferometry [13] and surface plasmon resonance [14].
Recently we proposed and experimentally demonstrated a humidity sensor based
on a spherical silica WGM resonator coated with a layer of hygroscopic agarose
layer [15].

Most of the reported sensors have focused on measurements of relatively high
levels of humidity, typically above 30 %RH, whereas only a very few studies to
date have considered sensing low humidity levels. Measurement of humidity
values below 25%RH is important in many industrial applications, for example, in
monitoring of industrial gases, where the presence of even low levels of water
vapor can cause the formation of aggressive chemicals and corrosion of pipes and
containers [16]. Alvarez-Herrero et al. proposed a low relative humidity sensor
based on a side-polished fiber coupled to a TiO. waveguide operating at a
wavelength 633 nm with sensitivity of up to 0.5 nm/%RH and an estimated
resolution of 0.2% RH in the range from 0 - 15% RH [17]. Ma et al. [18] proposed

and demonstrated a very low humidity (<10%) WGM sensor coated with a SiO>
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nano-particles, capable of detecting a change of 1 ppm of water molecules but
suffering from poor stability of the coating and a significant hysteresis.

In this paper we demonstrate a novel approach to measurements of very low RH
values based on the WGMs effect in a small silica microsphere coated with a thin
layer of agarose hydrogel. While measurement of humidity in the higher RH
region (30% to 70%RH) using an agarose-coated microsphere was previously
demonstrated in our earlier work [15], the approach proposed here utilizes a
significantly different interrogation method overcoming the limitation of the
optical spectrum analyser’s (OSA) resolution. This study aims to develop deeper
understanding of the influence of different low relative humidity levels on the
spectral positions of the WGM resonances and their spectral shifts. The
experimental demonstration of the sensor’s capability to measure very low
concentrations of water in air and the results of studies of stability, repeatability,
hysteresis, response time and temperature dependence make the sensor’s

performance well suited for measurements of low levels of relative humidity.

4.3 Sensing Principle

WGMs in a microsphere can be characterized by a set of integers: n, I, and m,
which represent the radial, azimuthal, and polar mode numbers, respectively.
When | = m and, n = 1, the mode is referred to as a fundamental. A WGM can
have either a transverse electric (TE) or transverse magnetic (TM) polarization,
which can be selectively excited by controlling the polarization of the coupled
light. For simplicity, we only consider the TE polarization. Using a ray optics
interpretation, when the light is trapped inside the microsphere, the condition for a
WGM resonance is
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where Ar is the resonance wavelength, nest is the effective refractive index of the
microsphere and R is its radius. Any fractional change in either refractive index or
radius will result in a shift in the WGM resonance wavelength. This shift can be
expressed as

Mg _ Anery AR

(4.2)
;{R neff R

n;

Fig. 4.1 Schematic diagram of the agarose coated microsphere.

Teraoka et al. studied the properties of spherical micro-resonators coated with
high RI materials and demonstrated that a high RI coating layer enhances the
sensitivity of the WGM wavelength shift to both surrounding RI and the
resonator’s radius. They also described a perturbation theory for the wavelength
shift of WGM resonances in a microsphere coated with a high-RI layer [19]-[21].
Later, Nai Lin et al. used this approximate model to calculate the thickness-
dependent sensitivity of a zeolite coated microsphere to ammonia gas [22]. They
demonstrated that the zeolite coating enhances the typically small microsphere
surface-to-mass ratio and shows good sensitivity to ammonia. In our studies, we

used the same model to determine the resonance conditions of the agarose coated
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microsphere. Fig. 4.1 shows a schematic diagram of the sphere of radius ap with
an agarose coating layer of thickness t. The RIs of the microsphere and the
agarose coating are ny and n2 and the RI of the surrounding medium is ns.

The characteristic equation for the resonant wavelength Ar of the WGM with the
mode number I is given by [21]:

xi(nzkay)  Bpp(nzkay) + x;(nykay)
No =
xinzka,)  Bpp(nykay) + xi(nykay)

(4.3)

where

_ mi(nikag) xi(nzkay) — Y (nikag) xi(nzkag) (4.4)

b= Y (nakag)Pi(nikay) — nipi(nkag)p;(nikay)

wheren; = % for TE mode, k = 2n/Ar is the wave number for 1% order radial
2

WGM, a;r =ao +1t is the total radius of the microsphere including the agarose
layer. w1 and y are the Iy orders of spherical Ricatti-Bessel and spherical Ricatti-
Neumann functions, respectively. Each value of | represents multiple values of Ar
that satisfy the characteristic equation. The electric field distribution of the TE

WGMs in the coated microsphere can be described as [21]:

Ay (nikr) r<ag
E; = { By, (nzkr) + By (ngkr)  ag <1< a4 (4.5)
Cixi (ngkr) r>a

where A, B; = ?and C, are constants and can be determined by matching the
21

boundary conditions for a specific azimuthal mode number I.

4.4 Experiments and discussion

4.4.1 Experimental investigation of the humidity response
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Fig. 4.2 Schematic representation of experimental setup for humidity
measurements. The dotted line of the box indicates the location of microsphere and
the coupling taper, shown in the inset image.

A schematic representation of the proposed humidity sensor and its
characterization setup are shown in Fig. 4.2.First, an adiabatic tapered fiber was
fabricated from a standard SMF-28 single mode fiber by using a customized micro
heater brushing technique [23]. In our experiment the tapered waist diameter is
approximately 3~4 microns.

To improve mechanical stability, the fabricated fiber taper was fixed on a glass
slide at a height of ~5 mm from the slide surface using two drops of UV curable
epoxy (Norrland). The microsphere for our experiments was fabricated at the tip
of a short fiber section (also an SMF-28 fiber). The cleaved end of the fiber was
placed inside a fusion splicer (Sumitomo, Type-36). A series of electric arc
discharges were applied to the cleaved end of the fiber, so that its tip was
gradually softened and became spherical in shape due to surface tension. The
diameter of the microsphere measured with an optical microscope was 162 +0.15
pm. Agarose hydrogel was prepared using white agarose powder from Sigma
Aldrich (A6013) by adding 2.25% wt./vol. of the agarose powder into deionized
(DI) water followed by stirring at 80 °C temperature until the powder completely

dissolved in the DI water. The refractive index of the Agarose gel was measured
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as 1.3385 with the help of Abbe refractometer. The microsphere sample was then
mounted on a computer- controlled translation stage. The pulling speed of the
microsphere from the hot agarose gel was set to 1 mm/sec. The coated
microsphere was kept at room temperature for one day before use to allow for
drying. For the humidity experiments, the sphere was mounted on an Xx-y-z
translational stage to bring its equator region into direct contact with the tapered
fiber to excite WGMs, as shown in Fig. 4.2. The gap between the fiber taper and
microsphere may significantly influence the coupling efficiency of the sensor. To
ensure the most efficient and stable coupling for our experiment, direct contact
between the tapered fiber and the microsphere surface was used to ensure stable

coupling conditions.
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Fig. 4.3 Q factor estimate for the 162 pm diameter silica sphere (a) before and (b)
after its coating with agarose.

The characterization of the WGM transmission spectrum of the fiber taper was
performed with the help of a tunable external cavity laser (Tunics Plus) with a
linewidth of 150 kHz and operating wavelength range of 1490-1640 nm. The
wavelength of the tunable laser was swept finely and continuously within 3 GHz
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around the selected WGM resonance. A sawtooth current modulation realized by
the function generator produced repeated sweeps across the spectral width of the
WGM resonance. The output end of the tapered fiber was connected to a photo
detector. The transmitted optical power was monitored and measured in real time
with a high-speed oscilloscope connected to the photodetector, and the transmitted
power data were recorded as a function of time using a customized LabVIEW
program. The polarization controller was adjusted manually to achieve maximum
light coupling efficiency. Fig. 4.3 (a) illustrates the WGM transmission spectrum
of the uncoated microresonator and a Lorentzian fitting of the spectral dip used to
estimate the value of its Q factor. The Q factor of the WGM resonance is
calculated as 1.38x107 using the formula Q = Ar/AArwnm, Where Agr is the
resonance wavelength and AArwnm is the full width at half-maximum of the
Lorentz function. After application of the agarose coating, the Q factor of the
microsphere decreases to 1.40x10° as a result of the increase in loss due to
absorption and surface scattering of the coating layer. This result is consistent
with that reported in our recent study of the Q factor dependence on the agarose
coating thickness [15]. Accurate control of the agarose coating thickness plays an
important role in fabrication of the proposed humidity sensor. The sensitivity to
humidity increases with the increase of the coating thickness eventually saturating
beyond the threshold value, determined by the parameters of the microsphere.

On the other hand, the quality factor of the microsphere decreases with the
increase of the coating thickness. This therefore leads to the need to ensure an
optimal trade of between the quality factor and the sensitivity of such type of a
sensor in real world applications. In addition to the development of the technique

for the agarose thickness control, several other issues, such as sensor packaging
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and simple interrogation, need to be addressed for the development of practical
devices. The corresponding studies are currently on-going. Since the dip coating
technique used to apply the agarose hydrogel on the surface of the microsphere
does not allow for an accurate control over the layer thickness, we estimated the
layer thickness by means of a comparative experiment as follows. A single mode
fiber was coated with an agarose layer using the same hydrogel solution and the
same technique as applied previously to the microsphere. The coated fiber then
was cleaved to improve the visibility of the coating layer and an SEM image of
the cross-section was taken. Fig. 4.4 illustrates an SEM image of the cleaved fiber

end showing an estimated agarose layer thickness of 3.55 um.

Fig. 4.4 SEM image of the agarose coated-fiber cross section.

To investigate the humidity response of the agarose-coated microsphere resonator,
the sensor was placed inside a temperature controlled humidity chamber
(ETS5503) with the total volume of 106 liters, shown in Fig. 4.2. The accuracy of
the humidity setting within this chamber is £2 %RH, which was inadequate for
studies in a lower humidity range. To overcome this, the sensor sample together
with the coupling taper and the humidity controller was placed inside a smaller (5-
liter in volume) enclosure which in turn was placed inside the larger humidity

chamber as shown in Fig. 4.2. Reducing the effective chamber volume allowed
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the use of a dedicated humidity controller to achieve much better setting accuracy.
Temperature control was realized by means of the larger chamber. The RH values
inside the small chamber were controlled by a calibrated humidity and
temperature sensor controller (ETS 520) with a resolution £0.1% RH. Due to the
reduced chamber volume, it was possible to accurately characterize the sensor’s

response in the relative humidity range between ~1 and 25 % RH.

20- —m— Uncoated Microsphere
® Agarose coated microsphere
16- ' Q
y -1% RH
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Fig. 4.5 Wavelength shift of the WGM resonance versus RH for the micro-
resonator before and after its coating with agarose. Inset graph illustrates the
experimental transmission spectra of the coated micro-resonator corresponding to
different RH values.

Fig. 4.5 shows a comparison between the experimentally measured humidity
responses of the WGM resonance for the same microsphere before and after it was
coated with an agarose layer. The proposed sensor’s estimated sensitivity is 0.71
pm/%RH in the humidity range 1-25% RH at the temperature of 17+0.2°C. Any
increase in humidity inside the chamber gives rise to the adsorption of water
molecules on the surface of the microsphere. Physically some of the water
molecules replace the air inside the micropores of the coating layer due to the
hygroscopic nature of the material and capillary forces, which in turn gives rise to
an increase in the effective refractive index of the agarose layer. The inset of Fig.
4.5 illustrates measured transmission spectra of the microresonator coated with

agarose corresponding to the increasing RH values. As can be seen from the graph,
83|Page



an increase in RH inside the chamber from 1% to 25% resulted in a redshift of the
WGMs by 16.6 pm. The linear regression value of R? = 0.99902 demonstrates the
high linearity of the sensor’s response within 1-25% RH range.

It should be noted that although the measurable RH range for the proposed sensor
is relatively narrow, since it is limited by the maximum detuning range (3 GHz) of
the laser source used in the experiment, studies of the sensor performance at
higher RH values confirm that its sensitivity is almost constant (~0.71 pm/%RH)
in a much broader humidity range of up to 78% RH. Beyond 80% RH its
sensitivity increases to 1.32 pm/%RH, possibly due to accumulation of water
molecules on the surface of the coating, leading to the non-linear changes of the
refractive index.

The simulated radial field distribution for the fundamental WGM of the Agarose
coated sphere is shown in Fig. 4.6 (a). From (4.3) and (4.4) it was determined that
the nearest possible solution for the fundamental resonant mode corresponding to
the experimental value is | = 463 and the corresponding WGM resonance
wavelength Ar =1549.966 nm. The parameters used in the numerical simulation
are as follows: microsphere radius ao = 81.0 um, RI of silica n; = 1.447°, RI of the
Agarose coating n2 = 1.3385, RI of the surrounding air n3 = 1.0 and Agarose layer
thickness t = 3.55 um. Using the method described in [17] we estimated that
under the above conditions, approximately a 4.37% fraction of the light energy is
distributed inside the agarose coating layer [21]. The experimental value of the
spectral shift due to humidity was correlated to the numerically calculated change
in the RI of the coating without the change in the azimuthal mode number I. Using

the model described earlier, we obtained an estimate of the total change in the

® Here the refractive index of silica has taken 1.447 according to the decision by reviewer.
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agarose layer Rl Anagarose = 4.7x10* RIU within the studied humidity range. The
plot in Fig. 4.6 (b) shows the calculated data for the agarose layer RI versus

relative humidity.
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Fig. 4.6 (a) Simulated electric field intensity distributions for the fundamental
WGM; (b) change of the Agarose layer RI corresponding to the RH changes
(calculated using the theoretical model) with n=1, | = m =463 with a0=81.0 um
and agarose layer thickness t = 3.55 um.

The detection limit (DL) for a sensor represents the smallest measurable physical
parameter change and it can be expressed as DL = R/S, where R is the resolution

of the sensor and S is its sensitivity. R can be calculated as

R = 3\/0,\2, + 0% + 0 (4.6)

where on, or, osr represent the standard deviations associated with amplitude
noise, temperature and detector spectral resolution respectively [24]. We assumed
the signal-to-noise ratio of the system is approximately 60 dB, so that on is
calculated as 10.47 fm. The standard deviation due to temperature stabilization is

taken as or =10 fm [20]. The standard deviation associated with the spectral
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resolution of the tunable laser whose linewidth of 150 kHz at 1550 nm
osr = 1.2 fm [24]. The overall sensor resolution is then calculated as R= 43.58 fm.
Hence, the DL for the microsphere with a 3.55 pum thick agarose layer is
calculated as 6.13x10 %RH within the 1-25 %RH humidity range. We estimated
the concentration of water molecules inside the 5-liter volume chamber as 190.47
ppm at 1% RH [25]. Hence, the minimum detection limit of water molecules is

estimated as 11.7 ppm.

4.4.2 Stability tests

To test the longer-term stability of the sensor’s performance, RH measurements
were carried out using the same sensor sample after a time interval of one week
followed by two more weeks from the initial tests in the same RH range from 1 %
to 25 % at a constant temperature of 17 + 0.2 °C.

It can be seen from Fig. 4.7 (a), that the performance of the sensor is very stable
over the two-week period with less than 1% fluctuations from the initial test
values, the sensor was tested for repeatability by continuously increasing and
decreasing relative humidity inside the chamber from ~12 to 25% RH for several
times. Fig. 4.7 (b) illustrates a series of tests where the sensor was exposed to
continuously increasing and decreasing relative humidity levels from 12 to 25%
RH inside the chamber and the estimated response and recovery times for the
sensor. The increase of humidity in the experiment was achieved by natural means
whereas the dehumidification was controlled by pumping dry air inside the
chamber, so that the latter process took less time within each of the test cycles. As
one can see from the figure, the sensor demonstrates good repeatability and a short

recovery time in the order of seconds. It should be noted that the response and
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recovery times include those of the chamber itself and given the volume of the
chamber it is likely that the actual response and recovery times of the sensor are
much shorter. Results of studies of the sensor’s hysteresis are presented in Fig. 4.7

(c) and 4.7 (d).
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Fig. 4.7 (a) RH responses of the sensor taken within 2 weeks; (b) Studies of
repeatability and estimates for response and recovery times; (¢) WGM spectra at
different RH levels at increasing and decreasing humidity at 17 °C; (d) WGM
resonance shift versus RH at 17 °C.

It is clear from the graph that the proposed sensor has a very small hysteresis
effect even with a relatively thick 3.55 um agarose coating. The error due to
hysteresis is found to be less than 2% (Fig. 4.7 (d)). This is likely due to the
difference between the rates of adsorption and desorption of water molecules at
the surface of the agarose layer. This also leads to slight deviation form linearity
of the sensor’s response observed in Fig. 4.7 (d). It is clear from the graph that the
proposed sensor has very small hysteresis. It should be noted that both response

and relaxation times and hysteresis properties for the proposed sensor are
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significantly better than those reported in [18][26] for a WGM microsphere

resonator in a low humidity range.

4.4.3 Response time

The sensor’s response time was evaluated in detail. The response time is defined
as the time it takes for the wavelength shift to reach 90% of its maximum value
when the RH is increased from 0% to a target RH value. The temperature of both
chambers was maintained constant and monitored by the ETS 520 controller.
Several experimental techniques have been proposed to determine the response
time of humidity sensors, with the most popular but simple method based on
monitoring of a rapid human breathing cycle [27], [28]. Since our experiments
concerned the sensor’s performance in the low RH range, this technique was not
applicable in our case, since human breath is associated with much higher than 25%

RH levels of humidity.

4109s et

5%RH

Time (s)

Fig. 4.8 Temporal response of the sensor.

The response time calculated from the experiments carried out in the humidity
chamber was approximately 3.7 second as shown in Fig. 4.7 (b). It should be

noted however that our humidity controlled chamber also is not ideal for studying
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the response time of the sensor because the flows of the humid/dry air in and out
of the chamber are very slow. Therefore, in this study we used the following
simple method to estimate the response time of the sensor. The difference between
the RH settings in both the large and small chambers was maintained constant at 5%
RH. The sensor’s response was monitored continuously while the cover of the
small chamber was rapidly removed allowing the RH levels of both small and big
chambers to equalize. The results of this experiment are presented in Fig. 4.8

The sensor’s temporal response was plotted by processing a series of digitized
oscilloscope images (1000 data points per frame) using a PC to determine the
position of the WGM dip corresponding to each of the snapshot images. The
frequency of the snapshots was limited to ~5 frames/sec by the speed of transfer
and processing of each data set. The estimated response time of the agarose-

coated 162 = 0.15 um diameter microsphere from Fig. 4.8 was calculated as 0.9 s.

4.4.4 Temperature effects

The influence of temperature on the RH sensor performance was investigated in
the range from 20°C to 36°C at three different humidity levels, i.e. 10 %RH,
15 %RH and 25 %RH, set inside the smaller chamber. The lower temperature
value of the studied range is determined by the room temperature since the
humidity chamber does not have a means of cooling, while the upper temperature
limit of 36°C is determined by the gelling temperature of agarose (36°C - 42°C).
As the temperature of the larger chamber was gradually raised from 20°C to 36°C
in small steps, the wavelength shift of the WGM spectrum was recorded using a
high speed digital oscilloscope connected to a PC. The overall temperature

response for the agarose coated microsphere is shown in Fig. 4.9 (a). The
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estimated temperature sensitivity values calculated from the Fig. 4.9 (a) are 2.3
pm/°C at 25 %RH, 2.25 pm/°C at 15 %RH and 2.5 pm/°C at 10 % RH. We
estimated the linearity error of temperature was approximately 3.5 %. The
temperature sensitivities at higher RH levels (15 and 25%) are very similar; but
the sensor displays slightly higher temperature response at 10% RH. One possible
explanation for the observed higher temperature sensitivity at 10 %RH humidity is
that because at lower levels of humidity the pores of the agarose layer are mostly
filled with air, it results in a greater refractive index contrast between the agarose
layer and air, and thus greater sensitivity to any changes in the surrounding

refractive index [29].

40+
St(10%RH)=2-5pm/°C
30, St(1s%RH)=2.25pm/°C »
—_ St(25%RH)=2-3pm/°C
£
£ 20 = 10 % RH
3 - 15 % RH
10 » 25% RH
a
N (a)
20 25 30 35
Temperature °C
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30 —e— Decreasing
Humidity = 15 % RH >
25
T 204
£ 15
<
< 10
= (b)
0_

20 22 24 26 28 30 32 34
Temperature °C

Fig. 4.9 Resonant wavelength shift versus temperature for the 162 + 0.15 pm
microsphere coated with 2.25% wt./vol. agarose solution: (a) 10% RH,15 % RH
and 25% RH; (b) Hysteresis of temperature response at 15% RH.

While the cross-sensitivity of the proposed sensor to temperature at low humidity
is quite high it should be noted that our proposed sensor has several orders of

magnitude smaller temperature cross-sensitivity compared with some other types
9 |Page



of fiber optic humidity sensors, such as long period gratings [30] or fiber Bragg
grating-based humidity sensors [31]. Fig. 4.9 (b) illustrates the temperature
increasing and decreasing responses of the same sensor sample at 15% RH. It is
found the responses are in a good agreement with each other with negligible

hysteresis.

4.5 Conclusion

A novel approach to measure ultra-low concentrations of water vapor,
corresponding to low RH values, using an agarose coated microsphere resonator
based on the WGMs effect has been proposed and experimentally demonstrated in
the humidity range from 1 to 25% RH. The WGMs are excited in a silica
microsphere dip-coated with an agarose gel by evanescent coupling to an
adiabatic tapered fiber and observed in the transmission spectrum of the taper. The
spectral shift of the WGM resonances is induced by the adsorption or desorption
of water molecules at the microsphere surface, resulting in a change of Rl of the
agarose coating. The demonstrated experimentally sensitivity of the sensor is 0.71
pm/%RH with an estimated detection limit of 11.7+0.32 ppm after considering 2%
hysteresis error and 3.5 % linear error of temperature using the present setup,
which we believe is the highest DL for water vapor detection reported to date. The
proposed sensor is very compact and demonstrates good repeatability and stability.
The response time of the sensor is 0.9 s, which is very promising for applications
where a fast response is required at low levels of humidity. The cross sensitivity to
temperature at different humidity levels is investigated. The sensor’s temperature
sensitivity is almost constant above 15% RH. A more detailed study of the
proposed sensor is currently ongoing with the aim to improve the sensing time as
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well as optimize the coating thickness, which determines the sensitivity and

dynamic range.
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5. Spherical microresonator for ammonia

sensing

Ammonia (NHz) is a highly toxic and corrosive substance that can be found both
naturally and produced by humans in various fertilizers, refrigeration systems,
during manufacturing of dyes, drugs, synthetic fibers, etc. [1][2]. The lower limit
of human NHs perception by smell is around 50 ppm [2]. Increasing the
concentration of ammonia in air causes severe adverse effects in the human
respiratory system, eyes and skin. Ammonia gas is also considered to be one of
the major environmental pollutants. There is always a need for a rapid detection of
ammonia in the refrigeration industry to prevent the leakage in large scale
refrigerating systems. Ammonia gas in ultra-low concentrations also known to
cause changes in chemical properties of deep ultra-violet photoresists, important
in the semiconductor industry [3].

Stability, selectivity to ammonia, fast response and high measurement accuracy
are some of the requirements that modern commercial ammonia sensors have been
facing. Very few sensors have been reported to detect ammonia gas concentrations
at ppb levels. It is therefore urgent and important to develop a miniature ammonia
sensor that offers a rapid detection, repeatability, ultra-high sensitivity and long
term stability with high resolution.

This chapter focuses on the development of such a sensor based on a spherical
WGM micro resonator. A silica microsphere functionalized with a layer of sol gel
silica has been shown to offer an ultra-high sensitivity and selectivity to ammonia
in air. Two separate interrogation methods have been investigated to measure the

concentrations of ammonia in air from low to ultra-low levels. The interrogation
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method based on a broadband light source and optical spectrum analyzer offers a
large dynamic range with lower measurement resolution, while the frequency
detuning method is employed to measure ultra-low concentrations of ammonia
within a relatively narrow range of concentrations. Synthesis of sol gel silica is
also discussed in detail. The chapter also presents the results of investigations of
the proposed sensor stability, hysteresis, selectivity and its response to relative
humidity and temperature. The sensor’s response time as well as detection limit

have also been studied and analyzed.

5.1 Silica gel coated spherical micro resonator for ultra-
high sensitivity detection of ammonia gas

concentration in air®

Abstract: A silica gel coated microsphere resonator is proposed and

experimentally demonstrated for measurements of ammonia (NHs) concentration
in air with ultra-high sensitivity. The optical properties of the porous silica gel
layer change when it is exposed to low (parts per million (ppm)) and even ultra-
low (parts per billion (ppb)) concentrations of ammonia vapor, leading to a
spectral shift of the WGM resonances in the transmission spectrum of the fiber
taper. The experimentally demonstrated sensitivity of the proposed sensor to
ammonia is estimated as 34.46 pm/ppm in the low ammonia concentrations range
from 4 ppm to 30 ppm using an optical spectrum analyser (OSA), and as 800
pm/ppm in the ultra-low range of ammonia concentrations from 2.5 ppb to 12 ppb

using the frequency detuning method, resulting in the lowest detection limit (by

SArun Kumar Mallik, Gerald Farrell, Dejun Liu, Vishnu Kavungal, Qiang Wu, and Yuliya Semenova, “Silica gel coated
spherical micro resonator for ultra-high sensitivity detection of ammonia gas concentration in air,” Scientific Reports, 8,
1620 (2018).
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two orders of magnitude) reported to date equal to 0.16 ppb of ammonia in air. In
addition, the sensor exhibits excellent selectivity to ammonia and very fast
response and recovery times measured at 1.5 and 3.6 seconds, respectively. Other
attractive features of the proposed sensor are its compact nature, simplicity of

fabrication and potentially low cost.

5.2 Introduction

Ammonia (NHs) and its compounds are used in the production of liquid fertilizers,
in refrigeration, during manufacturing of dyes, drugs, synthetic fibers, in food
processing and biological sciences [2],[3]. At room temperature, ammonia is a
colorless, highly corrosive and toxic gas with pungent odor. Exposure to high
concentrations of ammonia in air causes a burning sensation in the nose, throat
and respiratory track. The safe limit of NHs concentration that people may work in
for more than 8 hours is set to be 25 ppm and 35 ppm for a shorter duration. These
thresholds are below the detection limit of a human’s sense of smell and therefore
some means to sense and also quantify ammonia concentration in the air is needed.
Furthermore, sensors with detection thresholds in the order of ppb are very
valuable. In the semiconductor industry for example, deep ultraviolet photo resist
is extremely sensitive to the presence of airborne molecular gases inside a clean
room, where even the presence of ammonia with a concentration of only 17 ppb
for 10 minutes will deteriorate the performance of the lithography process[3].
Optical fiber based sensors have some unique advantages over their electrical
equivalents such as remote and real time monitoring, immunity to various sources
of disturbances e.g. electromagnetic interference, radioactivity and explosive
environments which makes them a cost-effective, flexible and inert sensing
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solution. Many optical fiber based ammonia sensors have been reported to date,
based on different operating principles and with different sensitivities. A surface
plasmon resonance based fiber optic ammonia gas sensor has been proposed in [4],
[5]. Adolfo et al. successfully demonstrated sensing of ammonia concentrations of
up to 100 ppm using bromocresol, a pH indicator, attached to an optical fiber [6].
Cao et al. also used bromocresol polymer to generate an evanescent field in a U-
shaped plastic clad silica multi-mode fiber to sense ammonia [7].

Many of the existing ammonia sensors have been designed to realize detection in
the order of ppm, but those are unable to reach ppb level detection, required by
some applications. Sensors based on the whispering gallery mode (WGM) effect
in spherical microresonators have found many applications for very sensitive
detection of molecular adsorption [8], refractive index [9], temperature [10] and
gas concentration [11] due to their ultra-high quality factors (Q), low absorption
losses and inexpensive fabrication.

WGMs are high angular momentum modes which can be excited by trapping light
propagating inside a dielectric structure with a circular symmetry, such as a
microsphere, by repeated total internal reflections.The spectral positions of WGM
resonances are strongly dependent on the geometry of the dielectric resonator
(diameter, sphericity), the optical properties of the resonator material and also on
the refractive index (RI1) of surrounding the resonator medium. WGMs in a silica
micro sphere can be excited by trapping a portion of evanescent field propagating
through a fiber taper and the changes in the surrounding RI can be measured by
monitoring either reflected or transmitted light through the taper. Recently, we

proposed and demonstrated a highly sensitive relative humidity (RH) sensor based
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on the similar microsphere coated with a thin layer of agarose hydrogel prepared
from a 2.25 % wt./vol. agarose solution [12].

In this paper, we propose and experimentally demonstrate a silica gel coated
microsphere for the detection of ammonia vapor concentration in air at a constant
relative humidity. The silica microsphere is fabricated at the tip of a short length
of SMF-28 fiber and a single layer of silica gel is deposited on the surface of the
microsphere by dip coating. WGMs in the microsphere are excited by evanescent
coupling of light using an adiabatic fiber taper with a waist diameter of
approximately 3-4 um. Exposure of the silica gel coating layer to ammonia vapor
results in changes in its refractive index leading to the corresponding shifts of the
WGM resonances. A detailed investigation of the sensor performance has been
carried out by its exposure to low concentrations as well as ultra-low
concentrations of ammonia vapor inside the test chamber at constant humidity

50 %RH and constant temperature 23 °C conditions.

5.3 Methods

5.3.1 Preparation of porous silica gel

Silica gel in laboratory conditions is typically prepared by sol-gel polymerization
of tetra-ethylorthosilicate (TEOS) under hydrolic conditions using either acids or
base catalysis. For our experiments, tetraethylorthosilicate (TEOS), ethyl alcohol
and sulphuric acid (H2SO04) were purchased from Sigma Aldrich and were used
without any further purification. 10 mL of TEOS and 5 mL of ethanol were mixed
in a 250 mL measuring flask and kept in a magnetic stirrer for 20 minutes at room

temperature. 1.5 mL of 0.1 mol/L H2SO4 was poured into the TEOS solution in
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the flask under constant stirring. The solution turned to a gel form after 3 hours of

continuous stirring.

5.3.2 Microsphere resonator fabrication

The microsphere used for our experiments was fabricated at the tip of a standard
single mode fiber by discharging a series of electric arcs. The fiber tip was
gradually melted by the arcs and assumed a spherical shape due to surface tension.
The sphere diameter was controlled by the number of arcs induced on the tip of
the fiber. The fabricated microsphere was then dipped into the silica gel and
pulled out very fast. Coated with the porous silica gel, the microsphere was then
dried at room temperature for 24 hours. Fig.5.1 shows a scanning electron
microscope (SEM) image of the coated microsphere used in our experiment. From
Fig.5.1 the sphere diameter is estimated as 282 um. To allow for coupling of light
to and from the microsphere, an adiabatic tapered fiber was fabricated using a
customized micro heater brushing technique [13]. In our experiment the tapered
waist diameter was approximately 3-4 microns. To improve mechanical stability,
the fabricated fiber taper was placed in direct contact with the microsphere and
fixed on a glass slide at a height of ~5 mm from the slide surface using two drops

of UV curable epoxy (Norland).

SUB600AES 2.0kV x130 SE

Fig. 5.1 SEM image of porous silica coated microsphere used in experiment
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Ammonia, humidity and other gases sensing experiments were carried out in a
humidity- and temperature-controlled chamber with a volume of 106 L. In general,
for gas vapour sensing experiments, the control of the vapor concentration was
achieved by injecting a certain volume of liquid analyte into a test chamber with a
known volume using a micro syringe. The resulting concentration of the vapor is

calculated using the following equation [14].

V. XD, ;-1 5.1
Copm = 9™ % 2.42 x 107
Mgmol—lme

where, Cp,, is the required vapor concentration, V,;, is the volume of the liquid
analyte, D g,;-1 is the density of the liquid, V;;,, is the volume of the chamber and

M

gmor~1 1S the molecular weight of the liquid analyte. All the subscripts are the

corresponding units of measurement. The temperature and humidity inside the
test chamber were maintained constant at 23 °C and 50 %RH, respectively

throughout the ammonia and volatile organic compounds (VOCSs) experiments.

5.3.3 Two methods for characterization of the sensor

performance.

The characterization of the proposed ammonia gas sensor was carried out using
two different interrogation methods. In one of the methods we used a
superluminescent (SLD) light source (Thorlabs S5FC1005S), a polarization
controller and an optical spectrum analyzer (OSA, Advantest Q8384) to measure
the total WGM resonance wavelength shift against the wide range of low
concentrations of ammonia from 4 ppm to 30 ppm as shown in Fig. 5.2 (a). For
concentrations below 4 ppm, a frequency detuning method was used, with the

corresponding experimental setup shown in Fig. 5.2 (b), consisting of an external
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cavity laser (Tunics Plus, linewidth 300 kHz, with operating wavelength range
1490-1640 nm) and a photo detector connected to high speed digital oscilloscope
(Agilent MSOX-2022A) to record the WGM spectrum. In the frequency detuning
method the tunable laser was swept finely and continuously within 3 GHz across
the selected WGM resonance with the help of a sawtooth current modulation
realized by the function generator (F.G). The former interrogation method has a
wider dynamic range for measurements with a limited resolution while the latter
(frequency detuning) method allows for a higher measurements resolution in a

narrow range.
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Fig. 5.2 Experimental setup for ammonia sensing using (a) OSA interrogation
system; (b) frequency detuning method.

In both experimental setups, the sensor sample a coated microsphere, was
mounted on an XYZ nano-positioning stage and then slowly brought in contact
with the tapered fiber inside the humidity chamber as shown in Fig. 5.2. In both
cases the temperature and moisture inside the chamber were controlled by the

chamber’s controller system (ETS 5503).

5.4 Results

5.4.1 Experimental investigation of the sensor in a wider range of

low (>4-30 ppm) ammonia concentrations using an OSA
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In the optical setup shown in Fig.5.2 (a) the light from the broadband SLD was
launched into one of the ends of the fiber taper and the corresponding
transmission spectrum was observed at the output end by means of an OSA. The
wavelength

resolution of the OSA was 10 pm. The microsphere was gradually and carefully
brought in direct contact with the tapered fiber until the WGM resonances were
clearly observed in the transmission spectrum of the fiber taper. The input light
polarization was adjusted using a manual polarization controller to achieve

maximum light coupling efficiency.

FWHM=98.35 pm
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Fig. 5.3 Transmission spectrum recorded by the OSA for a coated microsphere with
a 282 pum diameter

Fig. 5.3 illustrates a typical transmission spectrum recorded with the OSA. As can
be seen from Fig. 3, periodic transmission dips with a quality factor (Q) in the
order of 104 um and the free spectral range (F.S.R) of ~1.9 nm can be clearly
observed.

To investigate the response of the porous silica coated microsphere to
ammonia vapors with different concentrations, small amounts of ammonium
hydroxide (NH4OH) liquid were injected into and removed from the gas chamber

in sequence, in order to create several low concentrations corresponding to 4 ppm,
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8 ppm, 12 ppm, 22 ppm and 30 ppm of ammonia in air. As shown in Fig. 5.4 (a),
the WGM resonant wavelengths experience a red shift when the sensor is exposed
to ammonia vapors. The spectral response of the sensor to an 8 ppm concentration
of ammonia is summarized in Fig. 5.4 (b), where multiple WGM spectra are
compiled on a single graph to illustrate their shift in time after the sensor was

exposed to the ammonia vapor.
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Fig. 5.4 (a) WGM spectral shift during sensor’s exposure to different concentrations
of NHj3 ranging from 4 ppm to 30 ppm. (b) Sensor’s temporal response to the
ammonia concentration of 8 ppm. Inset figure illustrates the wavelength shift for a
selected WGM resonance in response to exposure to 8 ppm concentration of
ammonia. (c) Sensor’s response as a function of NH3z concentration.

The main reason behind the shift is a change in the effective refractive index of
the silica coating when NH3z molecules are adsorbed on the surface of the sphere.
A higher concentration of NH3 leads to a larger red shift in the WGM spectrum.
When the gas is removed from the chamber by opening an exhaust valve, the
resonance wavelengths recover to their original positions. The maximum spectral
shift of the WGM resonances in response to a certain ammonia concentration is
plotted as a function of ammonia concentration in Fig. 5.4 (c) and is found to be

close to linear with sensitivity estimated as 34.8 pm/ppm. It is important to note
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that the measured time response is not that of the sensor alone but also includes

the time taken for the vapor concentration to stabilize inside the chamber.

5.4.2 Experimental investigation of the sensor in the ultra-low
ammonia concentrations range using frequency detuning

method:

The output spectrum of the proposed sensor has a high Q factor, typical for many
WGM based sensors, potentially providing the capability to detect ultra-small
concentrations of vapor phase ammonia inside the chamber. However the
relatively low resolution of the OSA employed in the experiments described
above means that we cannot fully utilise the high Q factor available and in turn
this limits the ability of the sensor to measure ultra-small concentrations of
ammonia vapor. To overcome this issue many researchers employ a tunable laser
with frequency detuning method to characterize WGM resonators [10], [15]-[17].
A schematic diagram of our experimental setup employing the frequency detuning

method is shown in Fig. 5.2 (b).
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Fig. 5.5 Q factor estimates for the 282 um diameter silica sphere (a) before and (b)
after its coating with porous silica gel.

The transmitted power data was recorded as a function of time using a customized
LabVIEW program. The Q factor of a typical WGM resonance for the same

coated microsphere and tapered fiber system, determined using the frequency
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AR
FWHM

detuning setup was calculated as 1.58x10° using the formula Q = v , Where

Ag is the resonance wavelength and AAgy, 4 is the full width at half-maximum of
the Lorentz function before coating (Fig. 5.5 (a)). After coating the microsphere
with silica gel, its Q factor is reduced to 2.63x10™ as a result of increasing

absorption and surface scattering losses in the coating layer (Fig. 5.5 (b)).
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Fig. 5.6 (a) Wavelength shifts of the WGM resonance versus time during the
sensor’s exposure to various vapor phase ammonia concentrations. (b) A linear fit
of the wavelength shift data

Four different ammonia solutions with ultra-low concentrations of 2.5 ppb, 5 ppb,
7.3 ppb and 12.3 ppb were prepared using the method described in Section 3.3 and
a series of experiments was carried out to characterize the sensor’s response.
Similar to the previous experiment, WGM resonances show a red shift in response
to the presence of ultra-low concentrations of ammonia and remain stable during
the time of exposure. After opening the chamber exhaust door, the WGM
spectrum returns to its original position. The temperature and humidity inside the
chamber were kept constant throughout the experiments. Fig. 5.6 () illustrates the
shift of the WGM spectrum in response to a series of injections of ultra-low
concentrations of ammonia vapor. The linear regression value R?= 0.99986
illustrates the high linearity of the sensor’s response within the range from 2.5 ppb

to 12.3 ppb of ammonia vapor concentrations as shown in Fig. 5.6 (b). The
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average sensitivity of the sensor within the studied range of concentrations is

estimated as 800 pm/ppm.

5.5 Discussion

To investigate the selectivity of the sensor’s response towards ammonia, similar
experiments were carried out with other gases generated by volatile liquids such
as acetone, methanol, benzene and n, n-dimethyl formide, and the corresponding
results are presented in Fig. 5.7.The diagram in Fig. 5.7 graphically compares the
sensor’s response (maximum wavelength shifts) for the different vapor types
expressed as a percentage of the response to a 4 ppm concentration of ammonia.
As one can see from the diagram, the concentration of NH3 vapor as low as 4 ppm
results in a much stronger response, whereas the other vapors require a much
higher (>500 ppm) concentration to achieve a much smaller response. Thus it can
be concluded that the silica gel coated microsphere resonator exhibits a high
selectivity to ammonia and can be considered as an excellent optical sensor for

detection of ammonia vapor even in the presence of other gases.
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Fig. 5.7 (a) Sensor’s response to various volatile organic compounds.

Stability and repeatability of performance are two important characteristics
influencing practical applications of any optical sensor. To test the longer-term
stability of the sensor’s response, ammonia sensing experiments, using an SLD
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light source and an optical spectrum analyzer, were carried out for the same sensor
sample with a time interval of 10 days. In both experiments the concentrations of
ammonia were 4 ppm, 8 ppm, 12 ppm, 22 ppm and 30 ppm at a constant
temperature of 23 °C and 50 %RH. It can be seen from Fig. 5.8 (a), that the
performance of the sensor is very stable within 10 days period with only small
fluctuations. In addition to the stability tests, the sensor was tested for
repeatability by exposing it to 12 ppm of ammonia under the same environmental

conditions inside the chamber three times consecutively.
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Fig. 5.8 (a) Time responses of the sensor to NH3 recorded with a 10-days interval.
(b) Sensor’s responses to 12 ppm of ammonia during three consecutive tests at
constant humidity and temperature.

Due to the porous nature of the silica gel coating and its excellent ability to adsorb
water, the sensor can also be used to measure the concentration of water vapor in
air [18]-[21]. To study the sensitivity of our sensor to relative humidity (RH) we
carried out experiments using the same setup, shown in Fig. 5.2 (b). The airtight
test chamber shown in the figure is equipped with an inlet and an outlet. The
upper inlet is made for the entry of the moist air into the chamber and the outlet is
used for dragging the moist air to the dehumidifier through a pump. The
dehumidifier box contains anhydrous calcium sulfate which absorbs moisture

from the air. The compressed dry air is pumped in to regulate the RH in the
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chamber. Humid air was obtained by passing dry air through an ultrasonic
humidification system (ETS5462). Controlling the ratio of humid air and
compressed dry air in the chamber gives a fixed RH level. The chamber controller
system allows for the independent setting of both temperature and relative
humidity inside the chamber. The accuracy of the chamber is = 2% RH with the
reference electronic humidity sensor resolution of 0.1% RH. Each humidity
measurement was recorded five minutes after the RH level reached a set value to
allow for the humidity throughout the chamber to stabilize. The sensor response
was recorded using the the setup shown in Fig. 5.2 (b) for a range of RH values
from 30% to 65% RH. The corresponding results for the 282 um diameter
microsphere coated with silica gel are shown in Fig. 5.9. As can be seen from the
figure, an increase in the surrounding RH leads to a red shift of the WGM
spectrum. This could be explained by the fact that when the surrounding RH
increases, the silica coating absorbs more water from the environment within the
air pores which leads to an increase of the effective refractive index of the coating
and the microresonator overall. The corresponding RH sensitivity values (Srn)
estimated from the graph are 0.3 pm/%RH with high linearity characterized by the

regression value of R?= 0.9997.

@ % RH
10+ —Linear Fit

|Si= 0-3pm/%RH @ 23 °C

Equation y=a+b*
Adj. 0.9997
R-Square
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(o} Intercept -9.388 0.09542

o Slope 0.3006 0.001880

shift (AA) pm
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Fig. 5.9 WGM spectral shift versus RH change from 30-65%RH silica gel coated
on 282 um microsphere at 23 °C.
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Sensor’s response to ammonia gas at different relative humidity levels was also
investigated and the result is shown in Fig. 5.10. The graph illustrates the resonant
wavelength shift due to exposure to 5 ppb of ammonia at different humidity
values in the range from 30% RH to 70% RH at constant temperature inside the
chamber. Frequency detuning method was used to record the data. As can be seen
from the figure, response of the proposed sensor to ammonia gas decreases
gradually with increase of humidity, possibly due to the increased competition
from the water molecules being adsorbed on the porous silica surface, thus

reducing the number of adsorbed ammonia molecules.

S5ppb of ammonia

|

0\0
\o

Wavelength Shift (AApm)
(4]
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Relative Humidity % RH

Fig. 5.10 WGM spectral shift versus different RH change from 30-70%RH silica
gel coated on 282 pum microsphere at 23 °C against 5 ppb of ammonia.

The detection limit (DL) is a vital parameter used to quantify the device sensing
capability. The detection limit represents the smallest measurable physical

parameter change and it can be expressed as [22]:

R
DL = — (5.2)
S

where R is the resolution of the sensor and S is the sensor sensitivity. R can be

calculated as
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where gy, op, osg represent the standard deviations of the random effects
associated with amplitude noise, temperature and detector spectral resolution,
respectively. The estimates of DL for both detection methods used in our
experiments are explained in Table 5.1. The corresponding standard deviations in

the table were calculated in accordance with reference [23].

Table 5.1 Detection limit calculation for the silica gel coated microsphere sensor:

Parameters Detection techniques
OSA Frequency detuning

on (pm) 0.694 0.041

osR (pm) 0.1732 0.001

oT (pm) 0.01 0.01

S (pm/ppm) 34.8 800

R (pm) 2.145 0.128

DL (ppb of NH3) | 62 0.16

In the case of the tunable laser, the spectral deviation of the laser with a line width
less than 1 MHz is estimated as o5z=0.001 pm. Hence, the ammonia DL for the
proposed sensor is calculated as 62 ppb when using the OSA method, and as 0.16
ppb when using the frequency detuning method for the same coated sphere sensor
sample. Similarly, the DL for humidity measurement is estimated as 4.2x10"* RH
in the humidity range of 30-65 %RH.

The response and recovery times are two important parameters for any sensor.
The response time is the time taken by the sensor to reach 90% of the total shift in
the resonance wavelength after its exposure to ammonia vapor inside the chamber,

while the recovery time is the time taken to reach 90% of the change in
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wavelength after withdrawing the vapor from the chamber. For the response and
recovery time estimations it is not possible to use the optical spectrum analyzer

due to its slow wavelength sweep cycles.
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Fig. 5.11 Dynamic response-recovery curve of the sensor to NH3 at constant room
temperature 23 ° C and constant humidity of 50% RH.

To capture and process the changes in the WGM transmission spectrum with
higher speed we used a tunable laser, photo-detector and the high-speed digital
oscilloscope. A customized Labview programme was developed to capture the
output screen image of the oscilloscope with a speed of 5 frames per second with
each frame containing 1000 data points. The response and recovery times of the
sensor were measured in response to NHs concentration of 12 ppb at constant
temperature of 23°C and humidity of 50%RH inside the test chamber. The
response time is calculated to be approximately 1.5 seconds, whereas the recovery
time was measured to be 3.6 seconds as can be seen from Fig. 5.11, demonstrating
the dynamic response of the sensor based on the oscilloscope image analysis. It
should be noted that the response and recovery times include those of the chamber
itself and given the volume of the chamber it is very likely that the actual the
response times of the sensor are considerably better.

Table 2 below summarizes the performance of several fiber optic ammonia

sensors reported in the literature utilizing different physical principles in
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comparison with our proposed sensor. As can be seen from the table, our proposed
sensor offers the detection limit of two orders of magnitude better than any of the

optical fiber sensors reported to date.

Table 5.2 Comparative study of performance of various optical ammonia sensors.

Optical technique Range Response / | Detection | Ref.
(ppm) recovery times | Limit
(sec) (Ppb)

Bromocresol purple coated U- | 145-3528 | 10 10,000 [6]

shaped plastic fiber

Silica gel coated micro fiber | 0.25-10.4 | 50/35 5 [24]
coupler

Surface plasmon resonance, | 10-100 n/a 154 [25]
Ag/Sn0;

Nanostructured dye-doped | 12-216 50 5,000 [26]
polypyrrole

Mach-Zehnder interferometer | 40-360 0.5 300 [27]
using graphene

Graphene-coated  microfiber | 0-100 n/a 200 [28]
Bragg grating

Silica gel coated 0.0025- 1.5/3.6 0.16
microsphere (this work) 0.0123

5.6 Conclusion

A compact optical sensor based on a whispering gallery mode micro resonator for
detection of vapor phase ammonia concentration has been proposed and
experimentally demonstrated. WGMs are excited in the silica microsphere dip-
coated with silica gel and evanescently coupled to an adiabatic fiber tapered. A

change in the refractive index of the coating arising due to its exposure to low
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concentrations of ammonia in air leads to a spectral shift of the WGMs. Two
different interrogation methods have been applied to study the sensor’s response
to ammonia vapor in two different ranges of concentrations: a wider, low
concentrations, range and a narrow range of ultra-low concentrations. The highest
sensitivity achieved in our experiments was 34.78 pm/ppm to ammonia
concentration using an OSA, and 800 pm/ppm for the ultra-low concentrations of
ammonia using a frequency detuning method. Studies of cross sensitivity to
humidity have shown a sensitivity 0.3 pm/%RH in the RH range from 30% to 65%
at a constant temperature of 23° C. The proposed sensor offers the advantages of
compact size, low cost and high sensitivity. Experimental studies reveal an
excellent performance for the proposed sensor in terms of its selectivity to
ammonia in the presence of other volatile organic compounds with an ammonia
detection limit calculated as 0.16 ppb and a fast response and recovery times in

the order of seconds.
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6 Spherical microresonators for multi-

parameter sensing

In the previous chapters it was demonstrated that WGM sensors based on silica
microsphere resonators functionalized with suitable polymer layers (i.e., agarose
and silica gel) can be used for measurements of relative humidity and ammonia
concentrations with high accuracy and excellent resolution. Monitoring of these
two environmental parameters is of great importance in many industries both for
minimizing the adverse effects on human health as well as for maintaining
production levels and quality of products. However, to continuously monitor both
of the parameters, two separate sensors with separate interrogation systems are
required. Every additional sensor used to measure different parameter will
increase the overall cost of the sensor system. A great deal of attention has been
paid to reducing the overall cost of multi-parameter sensing systems by the
researchers, particularly in the field of fiber optic sensors where the cost of
interrogation unit is typically higher than that for other sensor technologies.

This chapter proposes a novel approach to the development of a multi parameter
sensor capable of measurements of relative humidity and ammonia concentration
in air simultaneously. The sensor consists of an array of two microspheres one of
which is coated with agarose and another with silica gel, coupled to a single
adiabatic tapered fiber in the transmission spectrum of which WGMs associated
with both the microspheres can be observed. The spectral shifts of each of the two
groups of modes are directly proportional to the ambient RH and ammonia
concentration changes. The proposed method has the potential for expansion to

sensing of a larger number of parameters reducing the overall cost of interrogation.
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Detailed investigation on the cross sensitivity between the different parameters

and temperature effects has also been carried out.

6.1 Whispering gallery mode micro resonators for multi-

parameter sensing applications’

Abstract: A novel fiber optic sensing configuration for simultaneously

measuring ammonia vapor (NHs) concentration and relative humidity (RH) in air
is proposed and experimentally demonstrated. The system comprised two silica
whispering gallery mode (WGM) microsphere resonators coated with different
polymer layers. One of the microspheres was dip-coated with sol gel silica
polymer and another with a 0.5 % wt./vol. agarose hydrogel. WGMs in both
microspheres were excited simultaneously by evanescent coupling using a single
adiabatic fiber taper. The optical properties of both coating layers change due to
their exposure to ammonia and water molecules in the surrounding atmosphere,
resulting in the spectral shifts of the WGM resonances relevant to each of the
microspheres. By measuring the relevant WGMs spectral shifts, NHs
concentration in air and RH can be determined simultaneously. The
experimentally demonstrated sensitivity of the proposed sensor array to ammonia
was estimated as 19.07 pm/ppm (NHs molecules in air) and its sensitivity to
relative humidity as 1.07 pm/% RH. Detailed studies of the coatings cross-
sensitivity and temperature dependence are also presented. The proposed sensor

array is compact, highly sensitive and potentially low cost.

" Arun Kumar Mallik, Gerald Farrell, Manjusha Ramakrishnan, Vishnu Kavungal, Dejun Liu, Qiang Wu, and Yuliya
Semenova, “Whispering gallery mode micro resonators for multi-parameter sensing applications”, Optics Express ,accepted
for publication (2018).
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6.2 Introduction

Whispering gallery mode (WGM) microsphere resonators have been successfully
investigated as sensors in numerous areas including refractive index, temperature,
force, electromagnetic field, gas, and bio sensing in recent years due to their high
quality factors (Q), low mode volume and inexpensive fabrication processes [1]—
[7]. The WGM operating principle relies on strong confinement of light through
total internal reflection inside the microcavity and retaining the same phase after
each cycle of propagation. Silica microspheres are shaped by natural surface
tension forces during fabrication, resulting in a clean, smooth silica surface with
very minimal loss and negligible scattering, making such silica microspheres
suitable for the next generation of high-performance optical sensors. The spectral
positions of WGM resonances are strongly dependent on the geometry of the
dielectric resonator (diameter, sphericity), the optical properties of the resonator
material and also on the refractive index (RI) of the medium in the environment
surrounding the resonator. Either a very small deformation of the microcavity or a
minute change in material properties (such as RI) can be easily quantified by
monitoring the WGM resonance wavelength shift. Much of the research effort to
date has been focused on using a single WGM resonator to sense a single physical,
chemical or biological quantity, with only limited research focused on multi-
parametric sensing [8]. However, in real life applications simultaneous sensing of
multiple parameters is often required. Many effective techniques have been
developed to realize multi-parametric measurements with fiber optic sensors. For
example, simultaneous measurement of humidity and temperature has been

proposed using a combination of a long period grating (LPG) inscribed in a fiber
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loop mirror [9], a combination of a fiber Bragg grating (FBG) and Fabry-Perot
interferometer cavity [10], a FBG and photonics crystal fiber interferometer [11],
a LPG partially coated with PAH/PAA poly electrolyte complexes [12], Nafion-
crystal violet film based optical sensor is to measurement of humidity and
ammonia in air simultaneously [13], nano porous layer of alumina is also
proposed for sensing of both humidity and ammonia gas [14] and many others. All
the above-mentioned sensing techniques rely on measurements of characteristic
wavelength shifts in the spectra of the sensors influenced by the physical
parameters of interest. Some of these configurations suffer from complexity of
interrogation and a poor wavelength resolution. WGM microsphere resonators
have advantage over the sensors above due to their high Q factors (up to 10°) [15],
resulting in much higher wavelength resolution and low detection limits. Recently
we proposed and demonstrated an highly sensitive relative humidity (RH) sensor
based on a silica microsphere coated with a thin layer of agarose hydrogel [16].
We have also demonstrated a silica gel coated silica microsphere for a very low
detection limit ammonia sensing and a silica gel coated optical fiber sensors for
highly sensitive detection of ammonia in water [17][18].Ammonia is a colorless,
highly corrosive and toxic gas with pungent smell which has adverse effects on
human health including burning nose, throat and respiratory track irritation even
after a long term exposure at lower concentrations of ammonia [19], [20].
Therefore, some means to sense and also quantify ammonia concentration in air is
needed. Similarly, humidity is one of the important environmental conditions
which plays a very significant role in agriculture, the food industry, clinical
medicine, manufacturing, civil engineering, textile manufacture, the

semiconductor industry and many other fields. Humidity measurement in
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industries is critical because it may affect the quality of the product, for example
the shelf-life of foodstuffs. Hence, humidity sensing is very important, especially
in the control systems for industrial processes. In many of the applications listed
above, a means for simultaneous measurement of ammonia concentration in air
and RH is required. For example, a recent study by Wei et al. demonstrated a
strong influence of both NHs concentration and ambient RH on the immune
system of broiler chickens, highlighting the need for simultaneous monitoring and
control of both parameters in the atmosphere of poultry or animal houses [21].

In this article, we propose a novel fiber optic sensor's configuration for
simultaneous measurement of both ammonia concentration and relative humidity
in air. To realize this we excited WGMs in two microspheres coupled to the same
optical fiber taper. The two microspheres have nearly the same diameter of 250
um and 255 um and were used to measure ammonia and humidity simultaneously.
An adiabatic tapered fiber with the uniform waist diameter of ~3-4 um was used
to simultaneously couple the light into both microspheres forming a small array.
One of the microspheres was coated with a layer of sol-gel silica whose optical
properties are very sensitive to ammonia, while the second microsphere was
coated with a highly hygroscopic layer of 0.5 % wt./vol. agarose hydrogel. To the
best of our knowledge this study is the first experimental demonstration of multi-
parametric sensor based on the WGM phenomenon that offers simultaneous high
resolution measurement of both ammonia concentration in air and relative
humidity. A study of the temperature sensitivity of the proposed sensing system
was also performed showing minimal temperature dependence compared to other

fiber optic sensors.
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Fig. 6.1 SEM images of cross sections of singlemode fibers coated with (a) silica
sol-gel; (b) 0.5% wt./vol. agarose hydrogel

6.3 Sensor Fabrication and Experimental setup

In our experiment the agarose hydrogel for the coating was made from a
commercially available agarose powder from Sigma Aldrich (A6013). The
hydrogel solution was prepared by adding 0.5% wt./vol. of the agarose powder
mixed in deionized (DI) water, followed by continuous stirring at 80°C
temperature until all the agarose powder was completely dissolved in the DI water.
Preparation of the sol-gel silica coating was carried as described in [22]. The sol-
gel was prepared by hydrolysis and condensation of TEOS (Tetraethyl ortho
silicate) in presence of water and ethanol. The molar ratio of TEOS, ethyl alcohol
and DI water was 1:4:16 mixed in a 250-mL measuring flask and kept at
continuous stirring conditions for 1.5 hour. 3-4 drops of hydrochloric acid (HCL)
were used as catalyst. The solution was kept for two days at room temperature.
Both silica microspheres were fabricated at the tip of an unjacketed cleaved single
mode fiber using the electric arc of a fusion splicer, as described in [16]. After
applying a series of 3 electric discharge arcs to the cleaved surface of the fiber tip
using a fusion splicer, the fiber tip assumed spherical shape due to surface tension.

Two microspheres of almost the same diameter (250 um and 255 um) were

124|Page



prepared for our experiments. agarose and silica coating layers were applied
separately on each of the microsphere's surfaces by dip coating method with the
pulling speed of 2 mm/sec. For identification we labeled the silica gel coated
microsphere as sensor ‘A’ and the agarose coated microsphere as sensor ‘B’. Both
microspheres were kept dry at room temperature for 24 hours before the
experiments. The coating thickness was estimated by analyzing the SEM images
of cross-sections of single mode fiber ends dip coated with the respective gels
using the same method and pulling speed (2 mm/sec), similarly dried and cleaved.
Fig.6.1 shows the SEM images of the respective cleaved surfaces where the
thickness of the coating is measured as ~300 - 400 nm for the silica gel and ~500-
600 nm for agarose.

To allow for coupling of light in and out of the microspheres, an adiabatic tapered
fiber was fabricated using a customized micro heater brushing technique [23]. In
our experiment the tapered waist diameter was approximately 3-4 microns. To
improve mechanical stability, the fabricated fiber taper was placed in direct
contact with the microspheres and fixed on a glass slide at a height of ~5 mm from
the slide surface using two drops of UV curable epoxy (Norrland). A schematic

diagram of the experimental setup is shown in Fig.6.2.

Humidity

SLED ﬁ controller

Sensor head

Fig. 6.2 Experimental setup for multi parameter sensor characterization.
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The experimental set up consisted of a broadband light source (Thorlabs
S5FC1005S), polarization controller, optical spectrum analyzer (OSA, Advantest
Q8384) and a temperature controlled humidity chamber (ETS 5503). Each coated
microsphere was mounted on an XYZ nano-positioning stage and then slowly

brought in contact with the tapered fiber inside the humidity chamber.

6.4 Results and discussion

Light from the broadband superluminescent light source (SLD) operating in the
wavelength range 1530-1570 nm was launched into the fiber taper and the
corresponding transmission spectrum was observed at the taper output by means
of the OSA. The wavelength resolution of the OSA was 10 pm. The WGM
excitation in both microspheres was achieved by evanescent coupling to the
tapered fiber. At first, the silica gel coated microsphere (sensor A) was gradually
and carefully brought in direct contact with the tapered fiber until the WGM
resonances were clearly observed in the transmission spectrum of the fiber taper.
The input light polarization was adjusted using a manual polarization controller to

achieve maximum light coupling efficiency.

—— Combined spectrum of both spheres
—— Agarose coated sphere's spectrum
—— silica gel coated sphere's spectrum

Offset Y values

sphere’s spectrum gjjica gel coated

sphere's spectrum

1540.4 1540.8 1541.2
A (nm)

Fig. 6.3 Transmission WGM spectra for both sensors separately and when both
microspheres are coupled simultaneously.
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The transmission spectrum after coupling sensor A is shown in Fig.6.3, where
WGM resonances near 1540 nm can be clearly seen. Without changing the setup,
the second microsphere (sensor B) was positioned near the silica gel coated sphere
and coupled to same tapered fiber. The resulting transmission spectrum showing
the WGM resonances due to both microspheres is labelled “A+B" in Fig. 6.3. Red
curve “sensor B” in Fig.6.3 illustrates the WGM spectrum of the tapered fiber
when only sensor B is coupled. As one can see from the figure, both groups of “A”
and “B” resonances are clearly visible and distinguishable in the combined “A+B”
spectrum.

The optical properties of the agarose coating are very sensitive to relative
humidity, while those of the silica coating strongly depend on the ammonia
concentration in the surrounding atmosphere and to a lesser extent on its relative
humidity. Therefore changes in either of the parameters will result in spectral
shifts of the WGM resonances, which can be expressed as:

AAA] _ [K11 Klz] [ARH]

Mpl ™ LKz Kool lAnps (6.1)

where K;,and K;, are the linear coefficients representing sensitivity of sensor A
to relative humidity and ammonia concentration respectively. Similarly, K,;and
K, are the ammonia sensitivities of sensor B. After experimental calibration of
the sensors and determining the values of the coefficients, it is possible to
independently find both humidity and ammonia concentration.

Experimental measurements of humidity inside the humidity and temperature
controlled chamber were carried out with both sensors A and B in the range of
relative humidity values from 40 % to 70 %RH at constant temperature of 25

+0.1°C. The sensing mechanism for both sensors A and B are based on the change
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of effective refractive index and thickness of the coating layer due to adsorption of
water vapor by the coating surface. This process leads to the air inside the micro
pores of the coating layer being replaced with water molecules under capillary
forces. As a result, the effective refractive index and thickness of the coating
increases and WGMs experience a red spectral shift. Fig. 6.4 represents the WGM
spectra of both sensors at different levels of relative humidity in the chamber. A
commercial electronic hygrometer was used as a reference for humidity
measurement inside the chamber. The Q factors of the selected WGMs for sensors
A and B in Fig.6.4 were estimated using equation Q= Ar/AArwHm, Where AR is the
resonance wavelength and AArwnm is the full width at half-maximum of the
resonant lobe calculated by fitting the resonant dip with the Lorentzian function.
The quality factors were calculated as Q =5.22x10* for sensor A and Q= 9.81x10*

for sensor B, respectively.

3 Humidity measurement

e % RH
—40
-47 —— 45
- —49
52

m . A
T 48 i ) 56
H VA 61
49.®" @D 65
\J /< Silica gel 69

garose
50 oated sphere Coated sphere
1540.4 1540.8 1541.2

Anm
— 40 % RH;— 45% RH;— 49 % RF —40 % RH;— 45% RH;— 49 % RH
ara TENCBECOW g CERCRA
£ -47.6
m
T .48.0
-48.4
'1540.41 1540.44 "1540.64  1540.68
A (nm) A (nm)

Fig. 6.4 Transmission spectrum for sensors A and B simultaneously at different
humidity levels inside the chamber. The inset graphs are enlarged selected portions
of the overall spectrum for sensors ‘A’ and ‘B’ at constant temperature of 25+
0.1°C
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It should be noted the measured values of the Q factor shown in Fig.6.4 are lower
compared to those reported in the literature for silica microspheres [2], [3]. One of
the reasons is the limitations of the experimental setup employed in our
experiment, which consisted of a broadband light source and optical spectrum
analyzer with a wavelength resolution of 10 pm. Another reason might be the
increased absorption and scattering loss due to the applied coatings on the surfaces
of the microspheres. Fig.6.5 is a plot of the spectral shifts of the selected WGM
resonances for sensors A and B as functions of relative humidity inside the
chamber. One can see from the graph that both dependences are very close to
linear and the corresponding sensitivities to humidity are K;,;= 0.8 pm\%RH for
sensor A and K2:=1.07 pm\%RH for sensor B.

40, = SensorB;e SensorA

Value  Standard

3 0 A Error
— Q Intercept 422 0.764
Q Slope 1.07 0.0138

£ 9.
<
2

Equation y=a+b'x
1 0 o Adj. R-Squ 0.9923
are

Value  Standard Err

or
R Intercept -31.28 1.48

O - R Slope 0.80 0.0268
40 50 60 70
% RH

Fig. 6.5 Linear fitted graph of the selected WGM wavelengths versus relative
humidity for both the silica gel coated (sensor A) and agarose coated (sensor B)
microspheres.

The same experimental setup was used to investigate the optical responses of the
sensors A and B to different concentrations of ammonia vapors at constant
temperature of 25+0.1°C and constant humidity of 40% RH inside the chamber. A
small amount of ammonium hydroxide (NH4OH) liquid was injected into and then

removed from the gas chamber after the measurement, in order to create three low

129|Page



ammonia vapor concentrations corresponding to 0.46 ppm, 1.46 ppm, and 2.19
ppm of ammonia in air. Spectral data was recorded using an OSA connected to a
PC through a GPIB cable and a customized LabView program. It should be noted
that the WGM spectral shift dynamics depends on the diffusion rate of ammonia

vapors inside the chamber.

a -46- ———0min 0.35min 0.68min
1.02min 1.35min 2.02min
— 2.18min 2.35min—— 0.85min

-47

dBm

' 1540.5 1540.8 \
A(nm)

e Qi 0.36min—— 0.68min
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1540.40 1540.44
A(nm)
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g 60 1.46 ppm \ -::::::: 6018 S N ue
< 0.46 E ®
f< B ppm —~— Equation y =a + b*x
< 30 *é 30 Ad.RSq 099333
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154 AC Intercopt 351 Ewo.ou
AC Slope 0207  0.0120
0 r—o—90
0 10 20 %% o5 10 15 20 25
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(b) (c)

Fig. 6.6 (a) Transmission spectrum for the sensor system recorded at different times
after injection of ammonia vapor in concentration of 46 ppm inside the chamber at
constant temperature of 25+0.1°C and humidity 40% RH. Insets represent the
enlarged portions of the spectrum corresponding to sensors A and B; (b) A and B
WGM spectral shifts in response to three different concentrations of ammonia (0.46
ppm, 1.46 ppm and 2.19 ppm) after injection of the vapors inside the chamber. Inset
figure illustrates the response to 0.46 ppm concentration of ammonia only; (c)
WGM spectral shifts for the sensors A and B as a function of ammonia
concentration.

Fig.6.6 (a) illustrates the spectrum for both the microspheres coupled to the same

tapered fiber after injection of ammonia vapor at 0.46 ppm concentration inside
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the chamber. As can be seen from the figure and inset A (dotted oval in the main
graph), the WGM resonance associated with the silica gel coated microsphere
experiences red shift during the sensor’s exposure to ammonia vapor. The
corresponding spectral shift of the WGM resonance associated with sensor B
(inset B, dotted rectangle in the main graph) also occurs in the direction towards
the longer wavelengths but is much smaller. Fig.6.6 (b) illustrates the dynamics of
the WGM spectral shifts for both of the microspheres as they were exposed to
0.46 ppm, 1.46 ppm and 2.19 ppm concentrations of ammonia inside the chamber.
The inset graph in Fig.6.6 (b) shows that the total shift of the selected WGM
resonance wavelength for sensor A was approximately 95 times larger than that
for the sensor B during their an exposure to 0.46 ppm ammonia vapor
concentration. This is due to presence of silanol group on the surface of silica gel
coated sphere producing ae dipole interaction between hydroxyl group and NHs.
The adsorption of these ammonia molecules on the surface of silica gel
microsphere increases themuch higher sensitivity of the effective refractive index
of silica gel coating more than to ammonia compared to that of the agarose layer
on the surface of B microsphere. When the gas was removed from the chamber
by opening its exhaust valve, the WGM resonances returned back to their original
positions. Total spectral shifts of the WGM resonances for both the microspheres
are plotted as a function of ammonia concentration in Fig.6.6 (c). The ammonia
sensitivity coefficients K> and Ki1 were derived from the linear fits of the
experimental data as Ki2=19.07 pm/ppm and K2=0.2 pm/ppm at constant
temperature of 25£0.1°C and 40% RH humidity.

It should be noted that the above sensitivity coefficients for both of the sensors

were determined at a constant ammonia concentration (0.46 ppm) and humidity
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(40%RH) level respectively, and at first were assumed to be independent. It is
possible, however that both coatings have some cross-sensitivity issues, so that the
values of the linear coefficients are not fully independent. In particular, the porous
nature of the silica gel coating layer is more likely to make it susceptible to the
presence of water molecules, affecting its sensitivity to ammonia at a different RH.
To investigate this, we carried out an additional study of response of the silica gel
coated microsphere towards ammonia at several different relative humidity levels,

namely at 10, 22, 35, 45, 60 and 75% RH.
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Fig. 6.7 K1z as a function of RH at constant temperature of 25°C

Fig.6.7 shows the dependence of the sensor A sensitivity to ammonia (coefficient
K12) as a function of relative humidity at constant temperature of 25°C. The same
values of ammonia concentrations as in the previous experiments were used in this
study. As one can see from Fig.6.7, sensitivity to ammonia for sensor A is a non-
linear function of relative humidity in the chamber. Ammonia sensitivity
decreases with an increase of relative humidity saturating above 60% RH. This is
likely because ammonia molecules are more easily adsorbed by the surface water
rather than the silica coating. Similarly, at lower humidity levels, a greater number

of ammonia molecules are adsorbed directly on the surface of the silica coating
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pores resulting in greater change of the coating's effective refractive index due to
ammonia. The fit of the experimental results with a logistic function in Fig.6.7
gives the approximate sensitivity of the sensor A in presence of humidity in the
range from 15% RH to 75% RH with less than £1% error.

It is clear that K12 in Eq. (6.1) is not a constant independent of the humidity level.
However, the dependence of K12 on the humidity level is predictable and can be
determined from the following approximate equation:

Kip = 9.58 + ——o
12 = 7 - (%RH)3.67 (62)
416

Since Ki2 can no longer be considered as a constant, it appears that Eq. (1) can no
longer be used for accurate detection of both parameters changing independently
in the surrounding the sensor system atmosphere

substituting the K2 coefficient's values in Eq. (6.1) we get:

18.32

aay|Kn 98B —— e ey

[MB] - 1+ (41.6) [%NHg] (6.3)
KZl KZZ

To determine the value of K12 unambiguously one only needs to have an accurate
value for the %RH level, which Sensor B can provide, and which is not dependent
on the level of ammonia.

Thus to determine the %RH and ammonia concentrations levels requires a two
step approach. Assuming both sensors are calibrated, then as first step use Sensor
B to measure %RH and then as a second step use the value of the %RH to
determine the value of the coefficient Ki2 and then directly determine the
ammonia concentration using this value and the measured wavelength shift for

Sensor A.
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A study of the influence of temperature on the performance of the proposed sensor
array was also carried out using the same environmental chamber. The
temperature inside the chamber was gradually increased in a step like fashion
from 20°C to 40 °C. Each WGM spectrum was recorded when the temperature
inside the chamber was stable at the set point. Fig.6.8 shows the temperature
responses of sensors A and B at 40 % RH. The linear fits of the experimental data

allow to determine the temperature sensitivities as 5.8 pm/°C for sensor A and 6.7

pm/°C for sensor B.
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Fig. 6.8 Temperature dependence of the WGM spectral shift for sensors A and B at
constant humidity of 40% RH.

The detection limit (DL) for a sensor represents the smallest measurable physical
parameter change and it can be expressed as DL= R/S, where R is the resolution

of the sensor and S is its sensitivity. R can be calculated as

R =3«/0§| +of +0% (6.4)

where on, or, osr represent the standard deviations associated with the amplitude
noise limited SNR of the detection system, temperature fluctuations and detector
spectral resolutions respectively [24]. We assumed the signal-to-noise ratio of the

system to be approximately 60 dB, so that o is calculated as 0.2 pm and 0.1 pm
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for sensors A and B, respectively [24]. The standard deviation due to temperature
stabilization is taken as or = 0.01 pm for both the sensors. The error in
determining the position of the resonant mode is uniformly distributed between -
0.3 pm and +0.3 pm and the resulting standard deviation associated with the
standard deviation of the spectral resolution of the broadband source is osr = 0.17
[24] in both cases. The overall sensor resolution calculated for sensor A is R =0.8
pm and for sensor B is R =0.6 pm. The corresponding DLs for sensors A and B

are listed in Table 6.1

Table 6.1 Individual detection limit estimates for sensor A and B at 40 %RH

Humidity Ammonia
Sensor A 1 %RH 42 ppb
[0)
Sensor B 0.56 %RH 3000 ppb

6.5 Conclusion

In conclusion, a novel approach to simultaneous measurement of ammonia vapor
and humidity in air has been proposed and demonstrated experimentally. WGMs
were excited at the same time in the array of two microspheres coated with
different polymers, namely, silica gel and agarose hydrogel, coupled to a single
adiabatic fiber taper. The experimental results revealed that the silica gel coated
microsphere was more sensitive to ammonia than the agarose coated microsphere.
Similarly, the agarose coated sphere had better sensitivity to humidity than the
silica gel coated microsphere. It has been demonstrated that by monitoring the
spectral positions of two WGM resonances relevant to each of the microspheres, it

was possible to simultaneously determine ammonia concentration and relative
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humidity in the surrounding the array atmosphere. The maximum measurement
resolutions of the two parameters were estimated as 42 ppb for ammonia and
5.6x10"1 %RH for humidity at the temperature of 25+0.1°C. The proposed method
offers the advantages interrogation using a single fibre along with a compact
sensor size, high resolution and simple fabrication. The potential applications can
be expanded to sensing of other chemical and biological quantities utilizing

various coatings and possibly increasing the number of sensors within the array.
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7 Conclusions and future work

7.1 Conclusions

The primary goal of this research was to gain fundamental scientific insight into
the principles of WGMs in micro-fibre resonators induced by the evanescent field
of a tapered fiber and to investigate the use of this effect for sensing of important
environmental parameters with a particular focus on measurements of moisture
and ammonia concentration in air. Agarose and silica gel are the two coating
materials successfully applied on the microsphere’s surface to facilitate the
humidity and ammonia detection. The proposed WGM microresonator sensors are
compact, offer excellent sensitivity, detection limit and stability. The sensors can
be easily combined with different interrogation systems making them good
candidates for a wide range of industrial sensing applications.

To reach this goal a series of numerical and experimental investigations have been
carried out. Firstly, analytical simulation models for both uncoated and coated
silica microspheres have been simulated based on perturbation theory. Using the
models, the polar, azimuthal and radial modes distributions were solved to provide
graphical representations of the WGM modes at the equatorial region of the
microsphere. Mode coupling between the tapered fiber and microsphere was
simulated numerically and analyzed to optimize the light coupling efficiency
during the experiments. Different loss mechanisms that influence the Q factor of
the microspheres were also analyzed. Numerical simulation results for the free
spectral range of the microsphere’s WGM spectra were compared with

experimental values in order to validate the numerical models. In order to
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understable experimental studies, methods for in-lab fabrication of the silica
microspheres with diameters of 100-300 um, adiabatic fiber tapers with submicron
waists, coatings preparation and application techniques have been developed and
realized. Several customized experimental setups have been developed for
experimental characterization of the proposed WGM sensors for environmental
applications. The following are the main conclusions from across the thesis,
divided into five sections based on the different objectives and research strands

investigated and reported in this thesis.

7.1.1 Conclusions regarding the agarose coated spherical

microsphere resonator for sensing of humidity

A compact relative humidity sensor based on a silica microresonator coated with a
thin layer of agarose gel has been proposed and experimentally demonstrated. The
sensor’s operating principle is based on the changes in the refractive index of the
agarose coating arising due to changes in the surrounding relative humidity, which
leads to a spectral shift of the WGM resonances. The measured WGMs spectral
shift can be related to the RH value after a suitable sensor calibration. The main

conclusions drawn from this research are as follows:

e A simple dip coating method for functionalizing silica microspheres’
surfaces with hygroscopic polymer layers has shown to be effective
means for the application of coatings containing different concentrations
of agarose, namely 0.5%, 1.125% and 2.25 wt./vol.%.

e The dependency of the sensitivity of the sensor to RH on concentration

of the agarose gel in the coating has been studied experimentally, and it
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is concluded that the RH sensitivity of the sensor increases with the
increase of the agarose concentration in the coating material.

e The highest sensitivity achieved in the experiments was 518 pm/% RH
in the humidity range from 30% to 70%RH for the coating containing
2.25 %wt./vol. of agarose.

e The experimental study of the relation between coating thickness and the
Q factor of the agarose coated microsphere resonator concluded that the
Q factor is gradually decreased with each coating cycle due to an
increase of the coupling loss between tapered fiber and microsphere.

e The developed RH sensor based on an agarose coated spherical micro
resonator offers is compact in nature, with low hysteresis, good

repeatability, and a relatively low sensitivity to temperature (~6 pm/°C).

7.1.2 Conclusions regarding the influence of the agarose coating
thickness on the sensitivity of the WGM sensor to relative
humidity

The influence of the agarose coating thickness on sensitivity to relative humidity

has been analyzed theoretically using perturbation theory and the results of the

analysis and numerical simulations have been verified experimentally. For the
experimental verification, a 260 pum diameter microsphere coated with agarose
layers of different thickness was utilized, with the various thickness layers
realized using multiple coating cycle. The results of the study are useful for the
design and optimization of the microsphere sensor parameters for a specified
performance and can be utilized in the design of similar sensors with different

types of functional coatings.
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e It has been concluded that an increase in the coating thickness initially
leads to an increase in the RH sensitivity but this reaches saturation at a
certain coating thickness (~ 1.6 pm in our experiments) and no further
increase of RH sensitivity occur.

e Based on a knowledge of the operation of the sensor, it is concluded that
a certain coating thickness, the WGM field becomes fully confined
within the coating layer so that changes in the coating RI are most
efficiently transformed into the spectral shift of the resonance and any
further increase in the coating thickness does not lead to increase in
sensitivity

e |t is concluded that the good correlation between the experimental and
theoretical modeling results allows for an approximate estimate of the

agarose layer thickness.

7.1.3 Conclusions regarding application of the proposed agarose

coated microsphere for sensing of low relative humidity

A novel approach to measure ultra-low concentrations of water vapor in air using
an agarose coated microsphere WGM resonator has been proposed and
experimentally demonstrated in the humidity range from 1 to 25% RH. The
proposed approach is based on the use of a frequency detuning interrogation
method in order to overcome the limited resolution of the common interrogation
scheme, based on an optical spectrum analyzer. A customized experimental setup
for sensor’s characterization in the low RH range has been built. The main

conclusions from this research are as follows:

143|Page



The demonstrated experimentally sensitivity of the sensor is 0.71
pm/%RH with an estimated detection limit of 11.7+£0.32 ppm, which is
the highest DL for water vapor reported to date.

In addition, the sensor offers the advantages of high linearity of
99.9%(R2 =0.9999), low (£2%) hysteresis error, less than 3.5%
temperature induced error in the range from 20 oC to 35 °C and a fast
response (less than 900 ms).

It is concluded that an increase in the surrounding the sensor humidity
level from 0-25% RH leads to an increase of the agarose layer RI up to
4.7x10* RIU, this is based on the previously developed theoretical
model and experimental findings in the low RH range, changes in the
refractive index of the agarose layer within the studied RH range have
been estimated theoretically.

The measured response time (~900 ms) is dominated by the slow
response of the humidity chamber (the time it takes for the new RH
value to stabilize within the chamber’s volume). This suggests that

actual sensing response should be significantly faster.

7.1.4 Conclusions regarding the silica gel coated spherical

microsphere resonator for ammonia sensing applications

A novel sensor based on a silica gel coated microsphere resonator is proposed and
experimentally demonstrated for measurements of ammonia concentration in air
with ultra-high sensitivity. The silica gel coating preparation method is developed
based on the sol gel process. Two distinct interrogation techniques have been
demonstrated for measurements of ammonia concentration using the proposed

sensor, where one technique allows for the detection of a wide range of ammonia
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concentrations. The alternative technique, based on frequency detuning is used to

detect ultra-low concentrations of ammonia with higher sensitivity and resolution.

Demonstrated excellent repeatability and long term stability of the sensor

combined with its compact nature and potentially low cost are the added

advantages of the proposed device.

The following conclusions are drawn from the ammonia sensing experiments:

The maximum ammonia sensitivity demonstrated experimentally using
the OSA for sensor interrogation is 34.4 pm/ppm within the range of
ammonia concentrations of up to 30 ppm and with estimated DL of 62
ppb.

The maximum sensitivity to ammonia achievable using the frequency
detuning method is 800 pm/ppm within the range 2 to 13 ppb of
ammonia molecules in air with the ammonia detection limit estimated as
0.16 ppb.

It is concluded that the developed silica gel coating has high selectivity
to ammonia in the presence of other volatile organic compounds verified
by exposer to other VOCs such as Benzene, Acetone, N, N, Dimethyle
formide, Butanol.

It is found that the sensitivity of the sensor to ammonia initially
decreases with the increase of humidity level in air stabilizing beyond 70
% RH. It should be noted however, that sensitivity of the sensor to
ammonia is significantly higher than that to humidity (~ 2 times) in the
low humidity range.

A possible reason for the diminished response to ammonia with the

increase of relative humidity inside the chamber is the increased
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competition from the water molecules that are also easily adsorbed on
the surface of porous silica gel coating.
e It is shown that the sensor shows very fast response and recovery times

measured at 1.5 and 3.6 seconds, respectively.

7.1.5 Conclusions regarding the multi-parameter sensing with

silica microsphere resonators

Finally, a new sensor design has been demonstrated for simultaneous high-
resolution measurement of two physical parameters relative humidity and
ammonia concentration, by coupling two silica microspheres coated with different
functional layers to a single adiabatic tapered fiber. One of the microspheres was
dip-coated with the silica gel and another with a 0.5 % wt./vol. agarose hydrogel.
Since the optical properties of both coating layers change as a result of their
exposure to ammonia and water molecules in the surrounding atmosphere, this
leads to independent spectral shifts of the WGM resonances, associated with each
of the microspheres being clearly distinguishable in the transmission spectrum of

the tapered fiber. The following conclusions are drawn from this experiment:

e The silica gel coated microsphere is 95 % more sensitive to ammonia
and 25 % less sensitive to relative humidity than the agarose coated
microsphere.

e Studies of the sensitivity of both the microspheres to both parameters
offers a mean for the determination of the cross-sensitivity coefficients
of the characteristic matrix, allowing simultaneous measurement of both
relative humidity and ammonia concentration, assuming an appropriate

calibration has taken place.
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e The maximum measurement resolutions of the two parameters were
estimated as 42 ppb for ammonia and 0.56 %RH for humidity at the
temperature of 25°C.

e Studies of the temperature dependence of the proposed sensor system
showed a sensitivity of 5.8 pm/°C for the silica gel coated microsphere
and 6.7 pm/°C for the agarose coated microsphere in the temperature
range 20°C-40°C. Both dependencies are linear in nature and thus could
be easily calibrated out with the addition of a temperature sensor to the
system.

e The proposed technique allows reduction of the cost of multi-parameter
sensors interrogation and could be potentially expanded towards a larger

number of sensing parameters.

7.2 Future Work

Research described in this thesis has been dedicated to studies of the WGM effect
in coated silica fiber microresonators. It resulted in the development of several
novel fiber optic WGM sensors for environmental sensing applications. The study
has also shown promise for the development of WGM sensors that may be
tailored to other specific applications. There remain a number of unanswered

research questions and challenges that current work could be extended to address.

7.2.1 Improving the accuracy of measurement for the sensor’s

response time

The response times for the coated WGM microsphere sensors were found to be
0.9 s [1] in the case of humidity sensor and 1.5 s [2] for the ammonia sensor. It is
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likely however that the above response time values in addition to the response of
the sensor itself include the time that takes for the ammonia or water molecules to
diffuse through the chamber’s volume. In all of the experiments described in this
thesis, the sensor was mounted on an X-Y-Z nano positioning stage so that and the
entire sensor system occupied ~5 cm® volume, restricting the smallest volume of
the environmental chamber. One possible solution for improving the accuracy of
response time characterization is the development of the appropriate methods for
sensor packaging and its mount which could lead (among other advantages) to the
reduction of the effective environmental chamber volume, surrounding the sensor

itself.

7.2.2 Sensor packaging and protection

By the nature of its operation any sensor based on a spherical microresonator
requires direct interaction with the environmental conditions; therefore its
performance usually degrades over a period of time due to a variety of factors,
including different types of contamination, making the sensor unsuitable for long
term measurements without special means of protection. Possible contamination
agents are dust particles, organic pollutants and chemical vapors. Another
important issue in the design of packaging for the WGM microsphere resonators is
the need to maintain direct contact between the microsphere and the tapered fiber,
whose waist diameter is in the order of 1-5 pum to ensure highly efficient light
coupling in and out of the resonator. To ensure the light coupling efficiency and
its stability over time during the life time of the sensor, different approaches could
be examined. A schematic diagram in Fig.7.1 presents one possible approach to
packaging of the sensor for gas/humidity sensing applications. In this approach the

microsphere (with its fiber “stem”) is initially mounted on an X-Y-Z nano
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positioning stage and then gradually brought in direct contact with the tapered
fiber until the WGMs are clearly observed in the transmission spectrum of the
tapered fibre. A separate cleaved fiber section is attached to the opposite pole of
the microsphere using a fusion splicer to give maximum mechanical support to the
microsphere during the coupling process. A UV glue is used to fix both the fiber

taper and the microsphere’s stem for long term stability.

Fiber Stem — i / Microsphere
‘ Tapered Fiber

UV Epoxy

T

Fig. 7.1 Schematic diagram of one of the possible approaches to packaging of
spherical micro resonator

7.2.3 More detailed study of multi parameter sensors based on
the WGM effect for different applications

In Chapter 6, a multi parameter sensor for simultaneous measurement of water
vapor and ammonia concentration in air was successfully demonstrated. This
approach could be potentially extended to detection of additional number of
VOCs in air. In general, VOCs have low boiling points and thus evaporate very
quickly at room temperature. Their presence in industrial or domestic
environments even in relatively low concentrations can cause serious health issues
after inhalation of these gases by humans. It is important to monitor the
concentration of the vapors to avoid environmental hazards. Some other

greenhouses gases including carbon oxide derivatives (CO and CO2), ammonia,
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nitrogen oxides derivatives (NOXx) and sulphur dioxide (SO2) are also needed to be
monitored at ppb levels in air to prevent air pollution.. Sensor technologies with
the ability to continuously monitor and accurately measure concentrations of these
VOCs in air could provide the solution to control and minimize air pollution.
Many techniques have been developed to measure the VOCs concentrations at
ppm levels but only a few can offer measurement resolution at concentrations
below parts per billion.

Achieve this goal with the proposed multi parameter array of WGM sensors, it is
necessary to develop a series of specialized coating materials whose Rl would
change in proportion to the gas/\VOC concentration in the environment with high
selectivity. Using sol-gel techniques it may be possible to develop suitable coating
materials for a small number of selected gases, so that each coated microsphere
would target specific gas or a VOC of interest. This small number of microspheres
would be coupled to an adiabatic fiber taper to produce a combined WGM
transmission spectrum at the detector. Then tracking the spectral positions of each
of the groups of WGMs would provide the information regarding each of the

target gas concentrations with high resolution.

Functionalizing
Layeron

NH, L 0 microspheres :
Light Source = ctor

GAs Chamber

microsphere
100~300 pm
%]

Fig. 7.2 Schematic diagram of the set up for simultaneous measurement of three
different gases (NHs, O, and NO») using an array of the WGM sensors
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As an example, schematic diagram in Fig. 7.2 illustrates a possible setup for
experimental characterization of an array of three WGM microsphere resonators
for simultaneous measurement of oxygen, ammonia and nitrous oxide
concentrations in air. Three different functional coatings targeting NH3, O and
NO. would need to be prepared and applied to the surface of each of the
microspheres. As was demonstrated in this thesis, for ammonia sensing
application porous silica gel can be used as the functional coating material. As a
functional coating for sensing of oxygen, a material based on the mixture of TEQOS,
Octyl triEQS, Hydrochloric acid (HCI) and Triton X, described in [3], could be
used. LuPc; (lutetium bisphthalocyanine) coating solution could be used to detect
Nitrous oxide [4]. These three microspheres will produce three different groups of
WGMs in the transmission spectrum of the coupling fiber. Then the spectral shifts
of each of the group of the WGM resonances could be linked to the corresponding
changes in the respective gases concentrations.

Another broad field for potential applications of the proposed WGM sensors is in
biomedical applications for detections of various disease markers and other bio-

analytes.
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Appendix B
B. WGMs field distributions in an uncoated

microsphere resonator

Electromagnetic field distribution in a dielectric sphere depends on the sphere’s
effective radius, dielectric loss factor for different modes and the transmission
coefficient between the microsphere and the coupling tapered fiber. Fig 1.2 in
Chapter 1 shows the microsphere in spherical coordinates where r indicates the
radial direction, ¢ is the azimuthal angle in the y-z plane and & is the polar angle
perpendicular to the y-z plane. The solution of the Helmholtz equation in spherical

coordinates can be expressed as (Eq.(1.5) in Chapter 1):

l/Jl,m,n (T‘, 0, (P) = Ng. 1, (T‘) Yo (9) l/)(p ((P) (B-1)

where ¥,.(1), Yg(0) and 3, (@) represent the fields in the radial, angular/polar
and azimuthal directions respectively. The normalization constant, Ng is
determined by the division of a volume integral of the square magnitude of the
field over the entire volume of the microsphere to the microsphere circumference
2mR, [1]. Next, we solve the field distribution for each component of the electric

field.

7.3 Radial field distribution

The radial component of the field satisfies the following equation:

2y, 2dy, [, L1+1)
- _ = B-2
dr? +r dr +(k s r2 >¢r 0 (B-2)
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The two independent solutions of Eq. (B-2) are found in the form of spherical

Bessel function j;(kngr) and a Neuman function y,; (kngr) as:

l/)r = Cljl(knsr) + CZyl(knsr) (8'3)
where
jilknsr) = |72 Jos(knsr) < Ro (B-4)

i (knsr) = ZkZST

To validate the solutions (B-4), let us examine them when the sphere’s radius

Yitos(kngr) v >R,

approaches 0. From the property of spherical Bessel functions it is known that if

(21-1)!
knsr”l

(kngr)t
21+1)!

(kngr) <<1, j,(kngr) - then y,(knsr) - — which means y,(r) is

divergent as r — 0. Since the field must be finite everywhere, the radial field
distribution inside the sphere is reduced to

Yr(r) = Aji(knsr), T <Ry (B-5)
The evanescent field outside of the sphere decreases exponentially and the

solution for the electric field outside of the sphere calculated from Eq. (B-4)

becomes
P (r) = Be(=as(r=Ro)) (B-6)
where ag = l(:zl) —k?nZ and nq is the refractive index of the surrounding
0
medium.

Eg. (B-5) and Eg. (B-6) combined together present the radial field of a
microsphere as:

Aji(kngr) r <R,

Be(_as-(r_RO)) r> RO (8-7)

b () =

where A and B are constants determined by matching the boundary conditions at

the surface. The radial field distribution is related to the mode numbers [ and n
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that denote the number of maxima of the field along the radial distribution. The
characteristic equation for the fundamental mode with a fixed value of [ is derived
by matching tangential field components at the boundary at the microsphere

surface, given as [1]:

1
(nsas + R_O)]l (knsRO) = knsjl+1(knsR0) (B'8)

1 TE
where n, = {(5)2 ™
No

Eq. (B-8) has multiple solutions for each value of [. These solutions represent
resonance wavelengths of the 1% order mode (fundamental mode), 2" order mode,
and so on. For example, resonance wavelengths that correspond to the 1% and 2"
order modes are 1.608 um and 1.388 um, respectively for a 5 um radius
microsphere. The simulated radial electric field distributions for the 1% and 2"
order modes are shown in Fig. B.1. It can be seen from the figure that for the
fundamental mode electric field has its maximum close to the surface of the
microsphere whereas the maximum of the field for the 2" order mode is located
further away from the microsphere surface. The electric fields outside the sphere

decay exponentially.

0.06 ; :
— n=1,/1=24 ,1=1.608 um
— n=2,1=24,1=1.388 um
0.04" :
S 0.02f .
8
= o0
0.02/
204 1 2 3 4 5 6 7 8

R, (um)

Fig. B.1 Simulated WGM radial field intensity distributions for the 1% order mode
n=1, =24, 1=1.608 pm and 2" order mode n =2, | = 24, 1 = 1.388
um for a sphere of radius R=5 um, ny, = 1.4682, ny, = 1.
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7.4 Azimuthal field distribution

The azimuthal field distribution can be derived as

+m®yP, =0 (B-9)

The solution of Eq. (B-9) is in the form:

E, = N(pexp(liimgo) (B-10)

V21

where N, is the normalization constant chosen so that the integration of |1/)<p

N, =

|2
over one revolution is unity.

7.5 Polar field distribution

The polar electric field component satisfies the equation [1]:

d d m?
——|cos0—wy, |-——w, +1(1+1)y, =0 -
cos @ dH( dﬁ%'j cos20”?" (1+2)wy (B-11)

The solution of this differential equation assumes the form of

vy (0)~ p" (cosd) (B-12)
where p,;™ are the adjoint Legendre polynomials and m degenerates with [ in
wavelength, that is for a given polar index, [, there are 2m + 1 modes that possess
the same resonant wavelength. m = —[, —(I - 1), —(I—-2),..(I—2), (I—-1),
land | —m + 1 gives the number of intensity maxima in the polar direction. We
assume that modes confined to the plane of equator (6 ~ 0, 6 is measured from

the equator plane) are those that most strongly coupled to the fiber. We make an

1
cos?

approximation that tan 8 ~ 6 and = 6 , so that equation (B-11) becomes
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d? d
wl//g—ﬁwl/le—mz(l+¢92)l//9+l(l+l)l//9=O (B'l3)

and the solution of Eq.(B-13) is
m
Wy = Ngexp [—?92] Hy(Vm8),m > 1> 6 (B-14)

where N=1—m, Hy(x) are the Hermite polynomials and Ny is the

normalization factor measured as the integral of |y, |?over infinite gives unity.

Hence,
Jm
N, = (B-15)
0
2V JZN!
1.5 .
— m=24
-— m=23
-— m=22
|— m=21
5
s
)
B-Q
15 A 05 0 05 1 15

o(-n/2:n/2)

Fig. B.2 Simulated electric field distribution in the polar angular direction [ =
24,m = 24,23,22,21,n = 1.

The electric field distribution in the direction of polar angle depends on [ and m.
The first four polar modes that degenerate at the same wavelength 2=1.608 um are
shown in Fig. B.2.

A contour plot of the field distribution for the 1 order mode (n=1,l=m =
24,2 = 1.608 um) in the radial and azimuthal directions (7, ¢) is shown in Fig.
B.3. As can be seen from the figure the fundamental mode has one maximum in

the radial direction near the surface and 48 peaks in the azimuthal direction
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Fig. B.3 The contour plot of electric field distribution in the r — ¢ plane, n =1,
l=m =24, 1 =1.608 pm, R,=5 um.
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Appendix C
WGM field distribution in a microsphere

resonator coated with a thin functional layer

In this thesis the main focus was on improving the sensitivity of spherical WGM
resonators to changes in concentration of specific molecules in the surrounding
the resonator atmosphere, thus analysis of sensitivity was crucial to understanding
of the experimental outcomes. For sensing the microspheres were coated with thin
layers of different materials, so that the sensitivity of such a WGM sensor was
determined both by the RI of the coating layer and its thickness.

The radial field distribution of the transverse electromagnetic (TE) WGM in a

coated microsphere as stated in Chapter 1:

Allpl (nskr) r< RO
El = Blllpl(nfkr) + BZle(nfkT) aq <r< RO (0-1)
Cixi(nokr) r=a4

where 4, By;, B,; and C; are constant whose values can be determined from the
boundary conditions at r = R, and r = R;. At the interface between the sphere
and the coating layer, the radial field value E; and its derivative E;" must be
continuous.

Atr = R, the radial fields E; and E," are given by Eq. (C.2):

£ { A (ngkRy)
YT Bui(nekRy) + Byxi(nekRy) (0-2)
r_ { Alnsklpl,(nskRO)
! Bllnfklpl,(nfkRo) + BZlnkal,(nfkRo)

At the boundary E; = E," and Eq. (C-2) becomes:

A (ngkay) = By (nekRy) + Byxi(nekRy) (0-3)
Alnsklpl’(nskRo) = Bllnfkl/)l,(nfkRo) + lenfk)(l,(nfkRO)
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We can rewrite Eq. (C-3) as

ll}l(nskRO)
By (ngkRy) + Bayxi(nekRy) (0-4)
_ nsklpll(nskRo)
Bynsk ¥, (nskRy) + Bynsky,' (nekRy)
Yi(nskR){Bynsk ;' (nskRy) + Banskx,' (nekRy)}
= ngk,' (ngkRo){Bypi (nekRo) + Byxi(npkRy)}
Y1 (nskRo) Bungk ¥, (nekRo )+ (nskRo) Bynsky,' (nekRo )=
ngk,' (ngkRo) By (nekRy) + ngkipy (ngkRo) Bz xi(nkRy)
i (nskRo) Bynek ;' (nekRo) — nskapy' (ngkRo) By (npkRy)
= nskwll(nskRO)leXl(nfkRO)
— Yy (nskRo)Byngkx,' (ngkRy)
Byk (ny wi(nskRo) ' (nskRo) -
ngpy’ (nskRo Yy (nskRo) )=Baik (ngy' (nkRo) xi(nskRo) — (0-5)

Yi(nskRo)nex)' (nskRo))
By _ nslpl’(nskRo)Xz(nfkRo) - nflliz(nskRo))(l'(nfkRo)
By Wi(nskRo) o' (ngkRo) = nsipy' (nskRo )i (nykRo)
By, Z_;l/)z (nskRo)xi(nskRy) — i (nskRo)xy (nskRy)

- ! n I
BZI lpl (nSkRO) lpl (nfkRO) - n_;l,[)l (nSkR0)¢l(nfkR0)
By m (nskRo)xi(nskRo) — i (nskRo) xi' (nskRy)

By i (ngkRy) W' (nskRy) — ny (nskRo)Y (nskRy)
where n; = =,
ng

Let us find out the field distribution within the coating layer and is surroundings.

At r = Ry, the radial fields E; and E;" should be continuous and satisfy the Eq.

(C-6).

E, = {B1l¢z(nfkR1) + By xi(nekRy)
Cixi(nokRy) (0-6)
£ = {Bllnfklpl'(nfle) + Bynskyx,' (nekRy)
Cnoky,' (ngkRy).
At the boundary E; = E," and Eq. (B.6) becomes:

By (npkRy) + Boxi(nekRy) = Crxi(nokR,) (0-7)

Bllnfklpl’(nfle) + Bz[ﬂfk)(l,(nfle) = Clnok)(l,(nole).
We can rewrite Eq. (B.7) as
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By (ngkRy) + Boyxi(nskR,)
Cixi(nokRy)

_ Byngk ;' (nekRy) + Bynekx,' (nekRy) 0
Clnole’(nokRﬂ (0-8)

B B ' p
B_lel(nfle) + )(l(nfle) B_;inf W, (nfle) +nex; (nfle)
x1(nokR;) B nox:' (nokRy)

B
nox:' (nokR;) uel l/)l(nfle) + Xl(nfkR1)
By

B , ,
= xi(nokRy )1y {B_Z V' (nkRy) + xi (nfle)}

(0-9)
Bu g/ (nkRy) + 2 (nskRy)
X' (nokRy) By Yr Ty i) T Xr ity
0 " B
A (nOle) B_;ilpl (nfle) + X1 (nfle)
=D
where ny = n
The constant terms A; and C; can be derived from Eq. (C-2) and Eq. (C-7):
A = B111/Jl(nfkRo) + Boixi (nfkRO) (0-10)
: lpl(nskao)
C = B1l¢l(nfkR1) + By (nfle) (0-11)
: Xi(nokR,)

The RI sensitivity for the TE polarization (Ste) in the coated microsphere can be
calculated as [2]:

Ny Agl,
nil, + nsl, + nils

Spp = (0-12)

where |1, I and I3 are the fractions of the mode’s energy distributed within the
silica microsphere, polymer coating layer and the surrounding medium
respectively. The detailed application of Eq. (C.12) has been used in Chapter 3

and Chapter 5.
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