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ABSTRACT

The present thesis work is focused on the development of optical fiber relative humidity
sensor with linear response over awidest possible dynamic range with an optimum sensitivity
through a ssimple optical fiber sensor configuration. A comprehensive experimental study is
carried out employing three schemes, namely, evanescent-wave (EW) absorption employing
Zinc oxide (ZnO) as well as Titanium dioxide (TiO,) nanoparticle immobilized
nanostructured sensing fiber cladding, direct guided mode exhaustive attenuation employing
ZnO nanoparticle immobilized microstructured sensing fiber core, and Localized Surface
Plasmon Resonance (LSPR) employing in-house scaled metal (gold) as well as metal-
dielectric (silver-TiO,) nanoparticles film in order to fulfill the objective. Response of all the
proposed sensors was optimized against al possible influential compositional parameters
such as chemical composition, reaction parameters, thickness etc. A wide linear dynamic
range of 4-96%RH is observed with a sensitivity of 0.0012/%RH for the sensor employing
evanescent wave absorption scheme with ZnO nanoparticles immobilized sol-gel sensing
fiber cladding. Thus, a widest possible linear dynamic range is achieved, nevertheless, the
sensitivity needed to be further increased. To realize this objective, a sensing configuration
alowing exhaustive attenuation of entire guided mode was employed using ZnO
nanoparticles (that corresponds to the widest linear dynamic range) immobilized sol-gel
microstructured fiber. Almost identical linear dynamic range (5-95%RH) is observed with a
manifold (~9 times) increase in the sensitivity as compared to ZnO nanoparticle employed
EW fiber sensor. The maximum linear dynamic range decreased to 24-95%RH when the ZnO
nanoparticles in sol-gel sensing cladding were replaced with TiO, nanoparticles.
Nevertheless, the optimized sensitivity improved much in comparison with ZnO
nanoparticles immobilized sol-gel sensing cladding RH sensor. In the last sensing scheme
(metal as well as metal-dielectric nanoparticles assisted LSPR), a linear dynamic range of 6-
90%RH is observed for sensing probe with gold nanoparticle film. The observed linear
sengitivity is 0.0213nm/%RH. For sensor based on silver-TiO, nanoparticle film, the linear
dynamic range decreased to 29-95%RH; nevertheless, sensitivity is improved ~2 times

compared to the sensing probe with gold nanoparticle film.
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Chapter 1

| ntroduction

Sensors facilitate the acquisition of valuable infation about specific physical parameter
that is vital for employing control in various irgtdal, scientific, and environmental
processes. Sensor, in fact, can be termed as @&edévat converts the change in the
magnitude of one physical parameter (termed heee aémeasurand) into the change in the
magnitude of another different parameter that cannieasured more conveniently and
perhaps more accurately [1]. These measurandsemergl, span anything from Optical
signals (e.g., intensity, wavelength, state of podtion and phase of electromagnetic
radiation), mechanical/physical signals (e.g., éorpressure, velocity, mass flow, rotation,
vibration, tilt, strain, stress, torsion, refraetivndex etc.), thermal signals, electrical &
magnetic signals (e.g., voltage, current, chargsistance, inductance, capacitance, pulse
duration, frequency and dielectric constant, magrf&ix density, magnetic field direction
and permeability etc.) to chemical and/or biolofgismnals (e.g., chemical composition,
concentration, pH, malignancy, blood glucose, ndatumidity, gas concentration etc.).
Hence, almost all areas of science & technologasalvell as industrial applications rely on

the information gathered by sensors for an efficiprocess control and performance
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Chapter 1: Introduction 2

optimization/structure’s health monitoring. Thiskea them indispensable in today’s science

& technology and industrial growth age.

Conventional sensors take advantage of the inhgreperties of some of the materials that
lead to a specific response of these materials velxposed to an applied perturbation. The
inherent properties could be thermal, electricagnetic, mechanical, chemical etc. For
example, the mercury in the thermometer expandswdraperature rises and contracts when
temperature falls. As another example, a voltmeteasures the voltage in a circuit through
the rotation of a coil that is proportional to tleltage. A piezoresisitor measures strain
change through resistance variation. A capacitigassr measures various parameters
through the change in capacitance. A moving codraiphone converts the sound signal in
to electrical signal by the vibration of an indocticoil (which is attached to the diaphragm)
in a constant magnetic field through the electrameéig induction. On the other hand, a
piezoelectric material produces a potential thgtrigortional to the applied pressure. This
property is exploited for designing a conventiopaéssure sensor. Some sensors use the
chemical properties of material. For example, gor@axmate measure of pH of solution can
be obtained by using pH indicator whose colour geararound a particular pH value. Thus,
there are many schemes that are employed to dassgmsor capable of measuring a given
guantity. However, many of these conventional semsan perform well only under certain
conditions and do not offer the flexibility of mipllexing, remote sensing, etc. There is an
ever increasing demand for improving the perforneammé these sensors in terms of
sensitivity, immunity to electromagnetic interfecenand electrostatic discharge, ability to
operate under hazardous environments, remote geakilities, long term performance, etc.
As a result the conventional designs fall shortegpectations on many of the above

mentioned aspects.
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Chapter 1: Introduction 3

On the other hand, optical sensors measure thegehammagnitude of a parameter by
measuring the corresponding change in the opticahaih. For example, the optical
proximity sensors are being widely used for a wgrief consumer based and security
applications. The optical proximity sensor works jpjecting a beam of light from a
transmitter to a receiver across a specific digaAs long as the beam of light maintains a
connection with the receiver, the circuit remaitssed. If an object obstructs the beam of
light, the continuity of the circuit is lost, anket circuit opens. In another example, laser and
holographic technology is employed to monitor ination [2]. Optical sensors for
chemical/gas (C®and Q) concentration detection exploit fluorescence abi@ristics of
certain dyes [3-4]. In other reported optical seagor detection of various gases such as CO,
NO, H,, optical absorption changes in thin sensing fisremployed [5-7]. There are few
other optical sensors reported by the researct&@. [In general, these optical sensors
overcome certain limitations of existing convenéibrsensors. Even though, such optical
sensors overcome certain limitations of conventiseasors and lead to a better sensitivity,
they have their own limitations. They are highlygament sensitive. If the alignment is
disturbed, the performance will be rapidly degrad&ldo, they may not work properly in
certain situations such as on a foggy or rainy dgysther, it is impossible to deploy such
sensors in hazardous conditions like places ohsdgeaadiation, high voltage environments,
high temperature etc. Thus, being bulky complicated alignment sensitive, such optical

sensors are impractical for real-field applications

Optical fiber sensors are capable of addressing th# inherent limitations of
conventional/bulk optics sensors. Discovery of agitifiber was a major breakthrough in
telecommunication industry. During early seventiggen the technology of fiber optics for

telecommunication was evolving, it was observed fiters tend to be sensitive to various
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Chapter 1: Introduction 4

external factors like bends, microbends, presstaelmtially, enormous effort was made to
reduce the sensitivity of signal carrying fiberstech external perturbations. However, soon it
was realized that the exceptional sensitivity dficgd fibers to external perturbations can be
exploited for sensing various parameters. Thusfiée of optical fiber sensor was born. The
exceptional technological advancements in the félitber optics as well as in the associated
optoelectronic industry leading to the availabilay very low loss optical fiber and very
sophisticated optical sources/interrogators haverga huge thrust and made a great impact
on the development of optical fiber based sensors vlarious applications spanning
engineering (civil, mechanical, aeronautical, cleahi electrical, automobile etc.),
biomedical, general sciences to homeland secuwsitgnaexample. Almost all the parameters
of practical importance such as pressure [10], egatpre [11], liquid level [12], refractive
index [13], pH [14], antibodies [15], electric cent [16], voltage [17], rotation [18],
displacement [19], acceleration [20], acoustic [Zl¢ctric and magnetic field measurement
[22-23], tilt [24], torsion [25], strain [26] etare being successfully and accurately monitored
not only in the test-bed set-up but also in thé-field environment. The global thrust in the
area of fiber sensor research & development (R&nifact inherited from the following
remarkable integrated advantages offered by tlusni@ogy over the conventional sensors
[27]:
1. Fiber optic sensors offer very high sensitivity otree traditional sensors.
2. Ease of miniaturization and hence the possibilitytiee development of very
small, light and flexible sensors.
3. Low-loss optical fibers in conjugation with fibemalifiers not only allow
propagation of light-wave signals over thousandkitifimetre but also enable
dense wavelength-division-multiplexing (DWDM) toatee over 1Tb/s optical

fiber communication systems. Such a large inforomattarrying capacity over
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Chapter 1: Introduction 5

thousands of kilometre enables remote sensing,er@bles to receive, monitor
and instantaneously perform sensor analysis in temliraclean control stations
when samples are either hard to reach, or dangeand&r located in harsh
environments, or radio-active.

4. Massive information carrying capacity and hence ehagnount of bandwidth
offered by an optical fiber which is impossiblergalize with an electrical lead
enables (a) to achieve high sensing informatiorsitieithrough a single optical
channel where each optical characteristics (wagihenphase, intensity etc.)
independently and simultaneously encoded througérexl perturbations. Thus,
if various modulation schemes are realized for tbmical channel against
different and independent external perturbationdfipiexing all such sensors and
simultaneous multi-parameter sensing becomes abdags(b) to multiplex large
number of sensors, each characterised at a partioptical channel over a single
fiber transmission line, (c) distributed sensing, icontinues sensing along the
entire fiber transmission line.

5. Optical fibers are made from insulating materi#hgrefore, optical fiber sensors
are, by their nature, electrically isolated frortennogating electronics.

6. Primary signal is optical, and hence cannot be extibfl to electromagnetic
interference, radio frequency interference and zex® risk against fire/sparks.
This makes optical fiber sensor highly reliable.

7. As a point sensor, they can be used to sense Hgrimatcessible regions without
perturbation of the transmitted signals.

8. Low volume and weight, with excellent stabilitylifought in permanent contact
with electrolyte solution. Second feature enablesit to be readily employed in

chemical process and biomedical instrumentation.
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Chapter 1: Introduction 6

9. Most fiber optic sensors can be employed over eemidmperature range than

electrodes.

Optical fiber sensors can be generally classifiedma extrinsic or an intrinsic sensor. In an
extrinsic sensor, fiber acts merely as a conduiguale the light signal to and from the
sensing head. Modulation of the optical signal byeavironmental/external perturbation
takes place outside the fiber. On the other ham@ni intrinsic sensor, fiber itself acts as a
sensor. One of the inherent characteristics of goeled optical signal e.g., phase,
polarization, wavelength, intensity gets modulatedithin the fiber by an
environmental/external perturbation. As evident, iatninsic fiber sensor can be further
classified on the basis of the employed modulasicimeme and can be termed, for example,
as an intensity modulation based optical fiber serm a wavelength modulation based
optical fiber sensor and so on. Most popular sclseamong researchers in terms of ease of

realization are intensity, phase and wavelengthutadidn.

Sensors based on intensity modulation have moigaiimportance due to their simplicity
in fabrication and compatibility with multi-mode tgal fiber. Intensity modulation in optical
fiber can be achieved through various schemes @8Atnong these, a scheme that has been
widely used by the researchers is evanescent wasedbintensity modulation. When the
light beam associated with the plane wave is indideom a denser region on the interface
between two optically transparent medium of higld &ow refractive indices, for angle of
incidence exceeding the critical angle, light beiamotally internally reflected. Applying
boundary condition and carefully solving Maxwekguation across the interface reveals that
there still exists a plane wave in the rarer mediwmmich is termed as evanescent wave. The

field equation of this wave depicts that amplitude the evanescent wave decreases
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Chapter 1: Introduction 7

exponentially as the distance from the interfacerdases. An optical fiber comprises
cylindrical symmetry; hence, a light beam assodiatéh the plane wave (meridional) that
enters the fiber core at a given guided ar@gkrikes the core-clad (high index-low index)
interface at an angle greater than the correspgratitical angle. Such light beam undergoes
successive total internal reflection at upper ander core-clad interface in the meridional
plane. Also, there exists a corresponding lighiéavelling at a guided angle oB-within

the fiber. These two beams superimpose to givethisenode of the fiber. Intensity variation
of such mode (fundamental) is shown in Fig. 1.1e Titensity variation is not confined
within the core (high index medium) only but exterd the clad (low index medium) owing

to the phenomena of evanescent wave associatedotathinternal reflection.

X

A

\
Cladding €,) dp_ I “““““ \\ Evanescenwave

v
<

Cladding €,) /

Figure 1.1: Total internal reflection and evanescent wave in an optical fiber.

The energy carried by the evanescent tail of the@landiminishes exponentially in the
cladding with the distance from the core-claddimgeiface. A characteristic parameter

associated with the evanescent wave is the peiogtrdépth ), that defines the distance
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Chapter 1: Introduction 8

from the core-cladding interface at which amplitwleevanescent wave decreases ®ot/
its value at the interface [30]:

d, = A

p

1
2ﬂnl[cosz6cs— cog @'sin’ 49(,,] 2 (1.1)

where/ is the free-space wavelength of the light launcinéal the fibern; is the refractive
index of the fiber core@sis the critical angle of the fiber in the sensiegion, #is the angle

of the guided ray with respect to the normal at ¢bhee-cladding interface ané, is the
skewness angle, which is equalrté? for meridional rays. Importantly,, which is typically
less than operating, defines a short range of sensing volume withinctvithe evanescent
energy interacts with the measurand and gets atedwue to the absorption, scattering or
refractive index change. Since a multimode fiber sapport large number of guided rays,
the effective evanescent field around the fibeedsra superposition of the field distribution
of all the modes propagating within the fiber. Netveless, the quantity of energy available
to interact with the measurand in the short rangevanescent wave is described by the

fraction of the total guided powaen) (present in the cladding region, which is defiasd30]:

I:)clad (1 . 2)
=

total

r =

where P54 is the power in the cladding region aRdy, is the total guided power. This
fraction () is typically less than 1% for weakly guiding mulbde fiber. However, as well
asr, both, rises sharply as the guided ray angle appesato the critical angle of the sensing
region. This is achieved either by tapering/bendihegsensing region or by lower order mode
removal. Importantlyd, as well ag are an order of magnitude higher in the case @gfisin
mode fiber (SMF). Hence, SMF should be preferredleviesigning an evanescent wave

based optical fiber sensors (OFS). First step tdsvalesigning an OFS based on intensity
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Chapter 1: Introduction 9

modulation by the exploitation of evanescent was/éigain an access of evanescent wave
itself. However, it is difficult to remove the hasilica cladding of single-mode fiber. One
method to access the evanescent wave in a single-fitmer is by preparing side-polished
half-block [31]. Here, a single-mode optical fikerglued inside a curved grove made on a
fused silica /quartz block. This entire structusefiked on the polishing machine and then
polished to approach the core-cladding interfacého desired proximity in order to have
proper access of evanescent field. A proper aligniraed pressure control is required during
this process. Another method to access evanese&hirf single-mode fiber is by etching the
cladding by using Hydrofluoric acid (HF) [32]. Hower, extreme precaution is necessary
while handling HF. Further, the core diameter beahghe order of a few micron, alignment
and efficient power coupling through such SMF argeqdifficult. On the other hand, though
d, andr for multimode fibers are quite less as comparesirigle-mode fibers, access to the
evanescent wave for a specifically fabricated mdtle fiber with polymer/plastic cladding
and silica core (PCS fiber) is quite easy. One nesids to remove polymer/plastic cladding
through razor blade. Further, large throughput poaed ease of power coupling to

multimode fiber make them more popular in desigraagnescent wave based sensors.

There are two ways to exploit such fibers in reafjizsensors. If the wavelength of the
propagating light falls in the absorption band bé tanalyte, direct absorption of power
carried in the evanescent wave takes place. Thisrised as direct sensing. On the other
hand for a given source, propagating wavelengttinénfiber may not fall in the absorption

band of the analyte at all. One needs to switdéoother source of appropriate wavelength
then. Even though, it may not be possible to m&akhin in the feasible domain of) the

absorption band with any existing source; or ifgdole, source might be extremely costly. In

such case, the simple/popular source is retainéakeiisensor system. However, the bare core
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Chapter 1: Introduction 10

is chemically synthesized with optimum configuratiand with a proper chemical. The
choice of this chemical then became very critialtlds chemical must be reactive to the
external perturbation and upon exposure of suchugetions, must be capable of
modulating its physical or chemical properties ttah be mapped at the wavelength of the
source. This is termed as indirect sensing. An gtanaf direct sensing is reported by Tai
et al. [33], where a fiber optic evanescent wavéharee gas sensor using optical absorption
of a He-Ne laser has been reported. Similarly, ms@e employing indirect sensing was
reported by Sekimoto et al. [34]. In this, an opltitber hydrogen sensor has been discussed.
The sensor utilizes change in the absorption ofetrenescent field in the cladding region.

The reagent in this case was a platinum or pallaeiupported tungsten cladding.

Invention of in-fiber grating made a significantvé®pment in the field of optical fiber
sensors. Fiber gratings consist of periodic pediob of core refractive index over a small
length of single-mode fiber [35]. They fall into awgeneral classifications based on the
period of grating; short period grating or fiberaBg grating (FBG) and long period grating
(LPG). FBG based sensors employ wavelength modulatheme under the application of
strain/thermal perturbation through the strain-©gtermo-optic effects of the fiber [36-37].
Such sensors are insensitive to fluctuations inirtfagliance of illuminating source. Further,
the capability of multiplexing a large number of EBensing elements on a single fiber as
well as the inherently self-referencing nature m&BG based sensors more popular and
realistic for structural health monitoring. Aparbm strain and temperature, FBG has been
used to develop sensors for large number of pammef practical importance and interest
for science and engineering such as ultrasound &8Eleration [39], pressure [40], tilt [41],
torsion [42] and flow rate [43] to name a few. e bther hand, LPGs have also been used

to realize all-optical sensing schemes owing tar thigh sensitivity towards refractive index
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Chapter 1: Introduction 11

of the surrounding medium, strain and temperatdded7]. However, major issues associated
with grating based sensors are their strain anghéeature cross-sensitivity and the need of

costly and bulky interrogation devices.

Recently, significance of nano-scaling has showméndous advancements not only in the
area of material science, but also in optical filbechnology as well as in photonics
technology as a whole. The interactions that oacuhe nano-scale could enhance sensor
performance and this could offer significant adeget over conventional sensors [48]. One
major factor for this performance enhancementashigh surface-to-volume ratio offered by
the nanomaterial which provides more surface afélaeosensing material to interact with the
analyte. This could result greater sensitivity, ugttbn in response time, low production
costs, reduced power consumption as well as impros®bility. Apart from this,
nanotechnology leads to a totally different intéicat regime termed as localised surface
plasmon resonance (LSPR), where light interacth \articles having dimension much
smaller than the incident wavelength. This leada fasmon that oscillates locally around
the nanoparticle with a frequency known as LSPR. [E@rther, nanotechnology also offers
the fabrication of new materials whose propertidshe different from their bulk and can be
tailored specifically for sensing applications. leaample, nanoparticles of noble metals such
as gold and silver exhibit strong absorption bamdhe UV-visible region due to localized
surface plasmon resonance [50] which is abseritaim bulk. Localized surface plasmons are
charge density oscillations which happen due tocthieective oscillations of free electron
cloud in metal nanoparticles. Localized surfacesmlans in metal nanoparticles can be
excited by light when the frequency of the incideght is in resonance with the oscillation
frequency of the conduction electrons and thisalked resonance condition. This occurs at a

particular wavelength called resonance wavelengtle.resonance wavelength is sensitive to

TH-1092_0661201



Chapter 1: Introduction 12

the refractive index of the medium surrounding tnetal nanoparticles [49-50]. This
property has been used for LSPR based sensingcappiis. Okamato et al. [51] have
reported a LSPR based refractive index sensor ugohg nanoparticles. The sensor was
developed by immobilizing gold nanoparticles on kasg substrate. Peak absorption
wavelength showed a red shift upon increasing thieactive index of the medium
surrounding the nanopatrticles. LSPR has been eshiiz conjunction with optical fiber also.
For this, the cladding over a certain length of fiber is removed and this region is coated
with metal nanoparticle film. The interaction ofaeescent wave of the guided ray with the
nanoparticles results in LSPR excitation. Many LI5Red optical fiber sensor have been

reported [52-53].

There are various other schemes as well, which baee fused to optical fiber technology
such as Cavity-ring-down spectroscopy [54-55] &tevertheless, the choice of scheme in
designing an optical fiber sensor is governed lse ad fabrication and the characteristic of
the sensor as demanded by its field of applicatenmentioned earlier, optical fiber sensors,
being versatile, fit to almost all the field of dipptions. However, one of the most promising
and equally important filed of application, whichshattracted lots of interest as for as human
security is concerned and has a maximum OFS indshkare is structural health monitoring
(SHM). Complex civil infrastructures, such as bedgbuildings, railways, under-water canal
and dams, are often subjected to severe enviromneonditions and abnormal loads, e.g.
strong winds, heavy rains, high humidity and hugegerature variations that can not be
easily anticipated during their design. This resuito long term structural deterioration that
often is not detected by conventional visual in§pac Moreover, catastrophic events, such
as earthquakes, storms or floods can sevefédgtahe health of the structure and induce

potential life threatening conditions. Hence, trealth of such infrastructures need to be
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monitored in real time in order to improve safetyl aeliability of infrastructure systems by
detecting damage before it reaches to a critied €ind to allow rapid post-event assessment.
SHM is the process of assessing the state of h@algh damage) of structures through the
measurement of various parameters that affect thEmese parameters depend on the
construction material, environmental conditions aexpected degradation phenomena.
Further, they vary from structure to structure. Erample, tilt could be more important in
the case of an under-water canal or ropeway bragkvibration for high-rise buildings or
railway track. In general, these parameters argsidlad as mechanical (strain, deformation,
displacement, crack opening, stress, and loadsigéily(temperature, humidity, pore pressure
etc.) and chemical (pH, oxidation, corrosion, caditn, penetration, and timber decay) [56-
57]. Humidity is one of the most important param&te be monitored in SHM as well as in
other engineering areas, e.g., semiconductor metwiag process monitoring,
automobile/chemical/biochemical/food processingistdes, air conditioning etc. [58-59]. In
SHM, concrete is the most widely used constructnaterial in the world. The durability and
any structural aging of concrete are governed bystmm@ content. For example, moisture
diffusion during curing may prevent concrete froaveloping its full strength and might lead
to high shrinkage stresses. High moisture contantalso promote deterioration process of
concrete structure. With aging, the deterioratioechanism in a concrete structure such as
bridges, pavements and buildings are more relatettheé structure characteristics towards
moisture variation. In other areas such as semigdnd industry, humidity level is
constantly monitored in wafer processing for maouwfang highly sophisticated integrated
circuits. In automobile industry, humidity sensai® used in rear-window defoggers and
motor assembly lines. In medical field, humidity s@s are used in respiratory equipment,

sterilizers, incubators, pharmaceutical processarg] biological products. In agriculture,
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humidity sensors are used for green-house air-tiontig, plantation protection, soil

moisture monitoring and cereal storage.

Humidity is a general term for the amount of watapour present in gaseous state in the
atmosphere. It is expressed in two different wayssolute humidity and relative humidity.
Absolute humidity is the mass of water vapour ciomtd in unit volume of air. The most
common term used for expressing humidity is retatiwmidity (RH). Relative humidity is
the ratio of actual vapour content of the air te faturated vapour content of the air at the
same temperature. This can be expressed as theofatie actual water vapour pressure to
the saturation water vapour pressure at a speerfipérature [60]. When air is fully saturated
with water, the pressure exerted by the water vapmsent is defined as the saturation water
vapour pressure which is a function of temperatdilee saturation point also increases
rapidly as the temperature of the air rises. Thibécause the kinetic energy of water
molecules is higher at higher temperature. At highmperature, more water molecules can
escape from the liquid water surface into air amd till result higher saturation vapour

pressure. In percentage form, RH is expressedds [6

9%6RH = [FF:—WJ x 100

ws

where P,, is the partial pressure of water vapour dhd is the saturation water vapour

pressure.

Depending on the need for humidity monitoring, maffgrts have been made over the years,
employing different schemes to obtain meaningfumidity measurements. The various

schemes employed in conventional humidity senselae the fundamental properties of
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water vapour to different transduction schemes tieddy on mechanical and electrical
approaches to provide humidity induced measuremf@@s These include mechanical
hygrometer, which monitors humidity from the expansand contraction of materials as a
result of surrounding humidity. The commonly useagmidity sensing materials include
synthetic fibers and human hair. Another deviceduse humidity measurement is wet and
dry psychrometer [60]. It is made of two thermomeiglass or electric) one of which has a
wet cotton or linen wick around its bulb to detammihe wet bulb temperature and the other
to measure the temperature of the sample gas (dbytemperature). Evaporation of water
from the wick absorbs heat from the thermometeb bchusing the thermometer reading to
drop. The dry bulb temperature simply monitorstéraperature of the air. Relative humidity
is calculated by comparing the readings using eutation table that compares the ambient
temperature (monitored by the dry bulb) to theed#hce in temperatures between the two
thermometers. However, performance of these semsdimited by slow response and large
size. The demand for low cost, reliable, fast anohgact sensor has led to the development
of electronic humidity sensor. These are mainlyste®e and capacitive types. A resistive
humidity sensor converts surrounding humidity v@oiato impedance change [61]. This can
be measured by a current, a voltage or a résistademmonly used humidity sensing
materials are ceramics, polymer and electrolytas.dimple and has a fast response, but it is
easily contaminated by water soluble salts. Capacihumidity sensor is most popular
among commercial humidity sensors. This sensorrmd@tes humidity variation through
dielectric constant change of a thin hygroscodim fupon exposure to moisture [62]. The
change in dielectric constant is nearly directlppgartional to the relative humidity of the
surrounding environment. Thus, by monitoring tharge in capacitance, relative humidity
can be determined. All the techniques discussddrsioave their own particular advantages.

However, performance of these sensors is limitemsh@wo their inability towards remote and
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distributed sensing, multiplexing, deployment ingtaenvironments and their susceptibility
to electromagnetic and radio frequency interferetcerder to overcome these limitations,
researchers tried develop humidity sensors empiowgiotical technology; especially fiber

optics.

Optical fiber sensors are capable of addressinghallinherent limitations of conventional
sensors. Hence, various sensing schemes in coigamneith fiber optics have been exploited
to develop all-optical RH sensors [63-88]. Russeltl Fletcher [63] immobilized a cobalt
chloride (CoCj)/gelatin film on a 12cm-long silica optical fib&r realize an optical fiber RH
sensor. A dynamic range of 40-80%RH is reportedlaBne and Wohltjen [64] reported a
humidity sensor using a 9cm long glass capillary vegaide coated with
CoCl/poly(vinylpyrrolidone) (PVP) film. The sensor shalvgood sensitivity in the RH
range of 60-95%RH. Zhou et al. [65] employed thme&alorimetric reagent in conjunction
with a porous optical fiber for monitoring humidity the low range. Mitschke [66] has
reported an optical fiber humidity sensor based grorous thin film interferometer (Fabry-
Perot) on the tip of the fiber. Humidity variatioesults in the change of refractive index of
the thin film. This causes change in the reflegtivof the interferometer and hence,
modulation of the reflected intensity. This sens@asures RH variation in the range of O-
80%. Brook et al. [67] have reported an opticagfibumidity sensor in which Nafion-crystal
violet complex immobilized on a glass substrate wssd as the sensing element. In this
work, optical fiber was used as a light guiding medto couple light from the source to
sensing element and from sensing element to thetrspgeter. Experimentally observed
sensor responses to different humid environmerdsblean used as inputs to artificial neural
network (ANN), and a linear response over a dynarange of 40-82%RH was achieved.

Otsuki et al. [68] have demonstrated an opticarfiRH sensor using curved fiber geometry.
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The decladded curved portion was coated by a filmRbodamine B/hydroxyl-propyl
cellulose to realize the sensing probe. A dynararge of 0-95%RH is reported. Bownass
et al. [69] have reported a single-mode fiber babkedidity sensor which works in
telecommunication wavelength. The sensing principées based on the humidity induced
refractive index change of an organic film whichswaated on the cladding of a bent fiber.
The sensor was able to measure humidity variatioa high range of 62-80%RH. Another
RH sensor reported by Bariain et al. [70] was basea tapered fiber coated with agarose
gel. The reported dynamic range is 30-80%RH. Gapih Ratnanjali [71] have reported a
fiber optic humidity sensor based on the moist@gethdent absorption of light by the phenol
red doped polymethylmethacrylate (PMMA) film ovesmaall portion of the lower refractive
index core of U-shaped plastic-clad-silica (PC$gffiand had a response time of 5 second
with a dynamic range of 20%RH to 80%RH. Arreguaki72] have reported an optical fiber
sensor configuration for simultaneous measuremehtimidity and temperature. It consists
of a Fabry—Perot cavity at the fiber tip fabricat®delectro-static self-assembled monolayer
process for humidity detection and an in-fiber igigtfor temperature measurement.
Experimentally observed dynamic range is from 11%8H7%RH. Muto et al. [73] have
reported a plastic optical fiber humidity sensoingsstraight probe geometry by realizing a
sensing film of hydroxyl-ethylcellulose/polyvinytienefluoride in the decladded region of a
multimode fiber. Observed dynamic range of the seis ~20-89% RH. Gaston et al. [74]
have reported a fiber-optic RH sensor based omtkeaction of evanescent wave in a side-
polished single-mode fiber with a poly-vinyl-alcdai®VA) overlay. The sensor responded
linearly in the RH range of 70-90% only. Anothedesipolished fiber based RH sensor is
reported by Herrero et al. [75] where they usedrlayeof Titanium dioxide (TiQ) as
humidity sensing film. The sensor responded lineavith a high sensitivity in the low

humidity range (0-15%RH) only. Tay et al. [76] haeported humidity sensor based on U-
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shaped plastic optical fiber. A good sensitivity7@f.85mV/%RH is achieved in a dynamic
range of 65-85%RH. Shukla et al. [77] have repoeathno-like magnesium oxide (MgO)
film based optical fiber humidity sensor. MgO filmshbeen deposited on a U-shaped glass
rod to realize the sensor. Observed dynamic ramdgheosensor is ~5-80%RH. Khijwania
et al. [78] have reported a RH sensor based onshdged probe coated with anhydrous
CoCl doped PVA film. The sensor was responsive in tHer&ge 10% to 90%. In reference
[30] Khijwania et al. have comprehensively optiniizee performance of sensor, reported in
their previous study [78], in order to enhance skasitivity as well as dynamic range. The
dynamic range of the optimized sensing probe isdaio be 1.6-92%RH with response time
of 1second. Matias et al. [79] have reported amncaptiber humidity sensor based on nano-
coatings employing electrostatic self-assembly (E&&hnique. The response time of the
sensor was shorter than 300 ms, but the dynamgeran75-100%RH only. Corres et al. [80]
have reported a tapered optical fiber based huynghsor using nanostructured sensitive
coating. The sensor showed a variation of 16dBpiical power with a response time of 300
ms for changes in RH from 75% to 100%. Corres.g84l] have reported another RH sensor
using nanostructured coating of Silicon dioxidedinanoparticles at the tip of single-mode
fiber. ESA technique has been used to realize laydti film of SiQ nanoparticles. The
dynamic range of the sensor is observed to be 240R38 with a response time of 150ms.
Zhang et al. [82] have reported the fast deteatiomumidity with a subwavelength—diameter
fiber taper coated with gelatin layer. The dynanaicge and the response time of the sensor
are 9-94%RH and 70ms respectively. Vijayan et&8] have reported an evanescent wave
fiber optic humidity sensor, which was construdbgddepositing Co nanoparticles dispersed
in polyaniline over an exposed core region of atmade fiber. A dynamic range of 20-
95%RH is reported. Sreenivasan et al. [84] haverted an optical fiber based humidity

detection, using ANN, where they have used theoresp of the optimized probe in [30] as
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the input of ANN for its training. Akita et al. [8%ave reported an optical fiber humidity
sensor based on a hetero-core optical fiber thatawated with hygroscopic polymer layers.
The sensor was developed by splicing a small padfcsingle-mode fiber between two
multimode fiber pieces. Observed dynamic rangeDi®B5%RH. Another hetero-core fiber
sensing probe based RH sensor was reported by \Mu [86] where they used a small-core
single-mode fiber spliced between two single-moderf (SMF-28) pieces as the sensing
probe. The dynamic range reported is 40-95%RH. RBCESPR technique is also used to
develop optical fiber humidity sensor. Hernaezlef&’] have reported a SPR based optical
fiber humidity sensor by realizing indium tin oxid@ Q) coating onto the decladded portion
of a straight fiber followed by a polymeric coatinfhe dynamic range reported is 20-
80%RH with an average sensitivity of 1.08nm/%RH.otker ITO based SPR humidity
sensor has been reported by Zamarreno et al. [8&revthey turned the thickness of
polymeric coating to improve sensor’s performantke observed dynamic range is 20-
90%RH. In all these reported sensors, if the dyoamamge is large, then the sensor response
is nonlinear throughout. If the sensor respondaé&ar, dynamic range is very small. Thus,
all these reported fiber based sensors have aneamliresponse with a piece-wise limited

linear sensitivity.

With the maturity of optical fiber based devicethey schemes have also been exploited to
develop an all-optical humidity sensor with largaamic range, linear response and a better
sensitivity [89-97]. Tan et al. [89] have reporgedelatin-coated Long Period Grating (LPG)
sensor for humidity detection in high range. Thessor could respond linearly for the RH
variation from 90-99% with sensitivity of 0.833%RH¥. Konstantaki et al. [90] have
reported a LPG humidity sensor utilizing poly (ddme oxide)/CoGl as a hybrid

hygrosensitive cladding coating. The sensor coeléat RH variation in the range from 50%
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to 95% with a resolution better than 0.2%. Liu lef21] have reported another LPG based
RH sensor in which LPG has been coated with hydrmgenumidity detection. The sensor
response is observed to be linear in a range d-B80%RH with the sensitivity of
0.2nm/%RH. Venugopalan et al. [92] have reportadP&-based humidity sensor in which
PVA film was used as sensing material. The sensddaespond over a RH range from 33
to 97%. Viegas et al. [93] have reported a fibarolpumidity sensor based on the change of
the grating resonant wavelength of a LPG fiber tiest been coated with Si@anospheres.
The range of the sensor was from 20% to 80%. Howesiace the sensitivity was low,
Viegas et al. [94] have reported another sensorrevtige sensing film was modified to
include an intermediate film of higher refractivelex to increase the total refractive index.
The sensitivity improved by 3 times due to this miodtion. Miao et al. [95] have reported a
humidity sensor based tilted fiber Bragg gratin@@ where PVA has been used as the
humidity sensing film. Sensor response is obsetoquecewise linear in the RH ranges 20-
74% and 74-98%. Yeo et al. [96] have reported gmet coated FBG sensor for humidity
detection. This sensor could respond linearly ia BH range 23-97 with sensitivity of
~5.6pm/%RH. Another FBG based RH sensor was raptgeHuang et al. [97] where they
used thermoplastic polyimide coating on FBG for Idity detection. For this the linear
dynamic range was extended to 11-98%RH. The obderlmeear sensitivity is
0.266mV/%RH. The main limitation of gratings basshsors is the temperature as well as
strain cross-sensitivities. Furthermore, such ssnsequire bulky and costly interrogation
devices. A simple, inexpensive relative humiditys® with linear response and optimum

sensitivity over widest possible dynamic range ¢g@ad choice for real-filed applications.

Main objective of the thesis is to develop a simpggical fiber RH sensor having linear

response over widest possible dynamic range and wait optimum sensitivity. Three
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different methodologies have been used to fulfiis tobjective. First methodology is based
on the exploitation of evanescent wave for intgnseibdulation in a straight and uniform
PCS multimode fiber. Optical fiber RH sensor is @eped in this by chemically
synthesizing the decladded portion of the fibealgagent (Zinc oxide (ZnO) nanoparticles)
and in-house scaled Titanium dioxide (F)Manoparticles embedded sol-gel sensing film.
Second methodology is based on a direct and extiawtenuation of guided mode through
a ZnO nanoparticles immobilized nanostructure namms sol-gel fiber core which is
expected to enhance the sensitivity many fold. Bleasor response is compared for
sensitivity optimization. In the third and final thedology in an anticipation of further
enhancing the sensitivity and having exhaustive pamative analysis, LSPR based RH

sensor is developed employing in-house scaled raatibr dialectic nanoparticles.

Chapter-2 of the present thesis is devoted to dpvah optical fiber relative humidity sensor
having throughout linear response over a widessiptes dynamic range. An evanescent
wave absorption based intensity modulation schensgniployed to fulfill this objective. The
fiber sensor employs a specific nanoparticle, (Znddped sol-gel nanostructured sensing
film synthesized over a short length of a centrdigladded straight and uniform PCS optical
fiber of pre-researched core-diameter. A detaibggeamental investigation is carried out to
optimize the sensor performance in terms of comagah of ZnO nanoparticles in sol-gel
sensing film and the film-thickness. To do so, fdifferent compositions were achieved by
adding 0.1, 0.2, 0.3 and 0.4g ZnO nanopatrticlehodol solution. For every composition,
film thickness was again varied using multiple dgating. A humidity chamber has been
designed and developed for the proper charactenzat the sensing probes. These sensing
probes were characterized by exposing them to rdifitehumid environments. From the

analysis of experimental data it is observed thatli the flm-compositions, sensing probe
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corresponding to 3-dip coating has best performa&mmificantly, responses for the sensor
employing 3-dip coated probe carrying 0.4g nanagartconcentration in the sensing
cladding is observed to be linear over a dynamigeaof 30-80%RH. In all, a highest linear
sensitivity of is 0.0033/%RH also observed for tliensor. Decreasing nanoparticle
concentration sol solution showed a decrease irséhsitivity; but an increase in the linear
dynamic range. Largest linear dynamic range of %R61 is observed for 3-dip coated probe
having 0.1g nanoparticle concentration in the senstladding. The observed linear
sensitivity is 0.0012/%RH. It is important to memtithat a linear response over such a wide
dynamic range employing such a simple geometrgi@git and uniform optical fiber sensor)
is observed for the first time to the best of onokledge. Further, dynamic performance of
the optimized probe was investigated by exposirtg ityclic perturbation of low and high
humid environments. An average response time o6 Os@cond was observed for
humidification, whereas an average response timewghly 5.5 times less than that of the
commercial sensor was observed during the desoccadi maximum fiber output variation is
observed to be of the order of 16uring the repeatability and reversibility tesepa span of

few days.

In chapter-3, in order to increase the sensitik@gping the linear dynamic range close to the
maximum as observed in Chapter-2, a novel mechapismn exhaustive attenuation of entire
guided mode through an in-house developed ZnO raticle immobilized nanoporous sol-
gel optical fiber is employed to design RH sen3ar fabricate the nanoparticle immobilized
sol-gel fiber humidity sensor, sol solution contagn optimized ZnO nanoparticles
concentration corresponding to the optimum sersponted in Chapter-2 was used. A proper
control/close watch on reaction parameters led tragk free sol-gel fiber with almost

uniform diameter over a length of 14 mm, almost #ad surfaces and nanometer scaled
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porosity. To characterize the nanoparticle immabdi sol-gel microstructure nonporous
optical fiber as a humidity sensor, it was aligrsedl mechanically spliced between the two
pieces of identical plastic-clad silica (PCS) nmtide fiber; and fixed carefully midway
inside the humidity chamber. The sensor was exptusddferent humid environments. From
the analysis of experimental data it is observed sensor responds linearly in the dynamic
range 5-95%RH with sensitivity of 0.0103/%RH. Thiear dynamic range is comparable to
that of optimized sensing probe based on evanestam¢ absorption scheme with ZnO
nanoparticles immobilized sol-gel humidity sensitigdding. Most importantly, observed
sensitivity is ~9 times higher than that of repdrteased on evanescent wave absorption
scheme with straight fiber geometry. An averag@aorse time of the developed sensor was
~0.7 times the average response time of the conahesnsor during desiccating, indicating
the sol-gel fiber sensor responses faster thanofhidte commercial RH sensor. The average
response time of sol-gel fiber sensor was obsetwds little high during humidification as
compared to the response time during desiccationgtier it was still faster than commercial
RH sensor. In addition, a maximum fiber output &aoin is observed to be of the order of 10

* only during the repeatability and reversibilitgtever an interval of few days.

Chapter-4 of the thesis is devoted to comparativgdfimize the sensor’'s response with
different sensing agent and to possibly furtheragal the sensitivity. For this, sensing probe
was developed using a different reagent ¢Iin@noparticle) immobilized nanostructured sol-
gel humidity sensing film on the centrally decladdeptical fiber. A comprehensive
experimental investigation is carried out to opzienthe design configuration/parameters of
the nanostructured sensing film and to achievebdst possible sensor’s response. To do so,
five different compositions of nanostructured segsifilm were achieved by varying

nanoparticle colloidal solution concentration ta869 10, and 12 % (v/v) in the sol solution
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during the film preparation stage. Multiple dip ttng was employed for each composition to
prepare the optical fiber sensing probes with vayyilm thickness to approach a maximum
sensitivity. From the analysis of experimental data observed that 3-dip coated probe of
9% (v/v) nanoparticle concentration in sol hasapgmum performance. The observed linear
dynamic range of this probe is 24-95%RH with enkdnsensitivity of 27.1mV/%RH.
Response characterizes of the optimized probe ngpaced against other optical fiber RH
sensors reported in the literature employing vaieechemes. It is observed that linear
dynamic range of the developed sensor is sligldlyelr than the largest reported in the
literature. Nevertheless, its sensitivity is 10@ds higher than the sensing probe having
largest linear dynamic range. Average responsestiofehumidification and desiccation
cycles are observed to be 0.01 second and 0.0&¢eespectively. Furthermore, maximum
fiber output variation is observed to be of theeordf 10* only during the repeatability and

reversibility test over an interval of few days.

Finally, in Chapter-5, for an exhaustive compatwalysis, another optical fiber RH sensor
was developed employing metal as well as metakdigt nanoparticle assisted LSPR. A U-
shape probe geometry, rather than the straightuarfdrm geometry, was used to ease out
the realization of nanoparticle film on the fibeurface for sensor development. The
decladded portion of the fiber (U-shaped region¥ whemically synthesized with metal as
well as metal-dielectric nanoparticle films to realthe LSPR humidity sensing probes. A
detailed experimental investigation is carried eniploying nanoparticle films of gold and

silver. The sensing probe was carefully fixed iesithe humidity chamber for its

characterization. Fiber sensor output spectra spamding to different humid environments
were recorded using the spectrometer. It was obdetivat the peak absorption wavelength

shifted towards higher wavelength upon increasimg humidity. From the analysis of
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experimental data, a linear dynamic range of 6-9BP4Rh a sensitivity of 0.0213nm/%RH
was achieved for gold nanoparticle assisted LSPiRaiber sensor; whereas for metal-
dielectric (gold-TiQ) nanopatrticles assisted LSPR optical fiber RH @ereslinear dynamic
range of 12-80%RH with a sensitivity of 0.0177nm/®bk observed. For (silver-TKp
nanoparticles assisted LSPR optical fiber RH sersbnear dynamic range of 29-95%RH is
observed with an enhanced sensitivity of 0.0412nRi#%Response characterizes of the
developed sensors are compared against other lofibea RH sensors reported in the

literature employing wavelength interrogation sckem
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Chapter 2

ZnO Nanoparticle based Simple Optical Fiber
Relative Humidity Sensor: Realization of Wide
Dynamic Range

2.1 Introduction

Relative humidity is one of the most important paesers to be monitored in numerous areas
such as structural health monitoring, semiconductomnanufacturing process,
chemical/biochemical/food processing industriest aonditioning etc. Most of the
conventional humidity sensors, which are resisawel capacitive type, are based on the
electrical properties of the sensing material. Ten hindrance of these sensors for real-
field applications is their inability towards mulkexing, remote sensing, deploying in a harsh
environment, and a very high sensitivity towardsctbmagnetic/radio frequency
interference to name a few. Relying on a very hggnsitivity of the optical signal
propagating through an optical fiber to the extepeturbations, optical fiber sensors have
emerged as a strong alternate to the conventianlaltiptics sensors with a capability to
address all the inherent limitations of these semsOptical fiber sensors with inherent
advantages such as remote & distributed sensindtiphening capabilities, very high
sensitivity, small volume, light weight, potentialtesistant to ionizing radiation etc., have
found wide range of real field applications in stural health monitoring (deformations
owing to internal strain, temperature, tilt, viboat, torsion effects, and deterioration

processes such as steel reinforcement corrosioralaati-silicate gel formation in concrete
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owing to internal humidity effects), environmenfabllution, hazardous gases, humidity etc.)
monitoring and bio/chemical diagnosis to name a [2w28]. Hence many researchers over
the years exploited various schemes to design emdlab optical fiber RH sensors. Russell
and Fletcher [63] immobilized Coggelatin film on a 12cm-long silica optical fibevhereas
Ballantine and Wohltjen [64émployed the same calorimetric reagent/polymeresysbn
9cm glass capillary to realize an optical waveguidenidity sensor. Gupta and Ratnanjali
[71] have reported a fiber optic humidity sensasdzhon the moisture dependence absorption
of light by the phenol red doped PMMA film over mall portion of the core of U-shaped
plastic-clad-silica fiber. Gaston et al. [74] haeported a fiber-optic RH sensor based on the
interaction of evanescent wave in a side-polishadlesmode fiber with a PVA overlay.
Khijwania et al. [30] have reported a RH sensoredasn a U-shaped probe coated with
anhydrous CoGIPVA film. Matias et al. [79] have reported an aptifiber humidity sensor
based on nano-coatings employing ESA techniquere€at al. [80] have reported a tapered
optical fiber based humidity sensor using nanosiined sensitive coating. Zhang et al. [82]
have reported the fast detection of humidity wittsubwavelength—diameter fiber taper
coated with gelatin layer. Akita et al. [85] hawported an optical fiber humidity sensor
based on a hetero-core optical fiber that was doadéh hygroscopic polymer layers. Liu
et al. [91] have reported a LPG based RH sensawhith LPG has been coated with
hydrogel for humidity detection. Huang et al. [9ifve reported a FBG based RH sensor in
which the FBG has been coated by thermoplasti©donidity detection. However, all most
all non-fiber grating based optical fiber RH sessaeported in the literature, employing
different mechanisms exhibit nonlinear responsé @ipiece-wise limited linear sensitivity.
Though fiber-grating based humidity sensors hawdevinear dynamic range, performance

of these sensors is limited by temperature as ageltrain cross sensitivity and the need of
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costly and bulky interrogation devices. ldeallyemsor should have a wide dynamic range
and a linear response throughout its observed dign@amge with a high sensitivity.

This chapter describes the development of a siygtieal fiber humidity sensor with a linear
response over a very wide dynamic range. Owingpedfdct that the nanoparticle has unique
structure and high surface to volume ratio, optfdar humidity sensor is developed using
ZnO nanoparticles immobilized nanostructured sél-gensing film onto the centrally
decladded plastic-clad-silica optical fiber andeaanescent wave based intensity modulation
technique. A comprehensive experimental study isiezh out in order to achieve the
optimum humidity sensing cladding configurationrfBenance of the optimized probe is
compared against a commercially available relattwemidity sensor. The response
characteristics of the sensor are observed to b@llysvery fast, repeatable and fully
reversible. Most importantly, the response is ole@rto be linear throughout the dynamic
range as wide as 4% to 96%RH. A linear response sweh a large dynamic range is
observed for the first time to the best of our klemlge in such a simple approach. Even
following the testing of the sensor in extreme dbads for more than 10 days, the sensing

characteristics are observed absolutely invariable.

2.2 Experimental

2.2.1 Sol-gel process

Sol-gel process is a method used for the synthlesiggassy material at room temperature.
Generally, sol-gel process consists of hydrolysid eondensation of a metal alkoxide. The
commonly used metal alkoxides are silicon alkoxidesg., Si(OGHs),, Tetraethyl
orthosilicate (TEOS) and Si(OG)4, Tetramethylorthosilicate (TMOS). Silica glassyaeed
by the sol-gel method is a nanoporous glass malf@ contains inter-connected pores

formed by a three-dimensional Si@etwork [98]. Sol-gel process can be divided into
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following steps: mixing (to form a solution), getat, aging and drying. In solution stage, for
example, suitable volumes of TEOS, ethanol and mat mixed. A suitable volume of HCI
that serves as a catalyst, is added to this solutr@er continues stirring/sonication to get a
solution termed as sol. This sol is kept for gelatfor several hours/days under a stable
environment. The hydrolysis and condensation reastiake place are as following:

Hydrolysis: this results in the formation of sildgooup (S+OH)

Si(OC2H5)4 +H,O - Si(OCsz)g(OH) + C,HsOH

Condensation: silanol group further react to foroxane polymers

Si(OCsz)g(OH) + Si(OC2H5)3(OH) — (OCsz)gsi—O—Si(OC2H5)3 + H,O

During the aging process, poly-condensation reacfamndensation polymerization) takes
place which results in a cross linkage of silanbhwiloxane leading to the formation of SO

nanostructure network (with silanol groups on thdage). The resulting gel contains ethanol
and water as byproducts. These solvents can beostad by annealing the gel at higher
temperature. A sensing agent added to the mixtuserae time during the formation of sol

can be securely trapped within the nanoporous ghadex. The porosity of the nanostructure
sol-gel glass allows an analyte to diffuse readilyand out of the pores of sol-gel glass
matrix. Apart, the sol-gel derived nanostructurasgl matrix has the following advantages:
(a) sol-gel derived glass is made of silica, whechhemically inert; hence the sensing probe,
based on such glasses can be used in harsh enem&)nib) it is compatible with many

inorganic and organic reagents; hence various greggents can be entrapped within the
nanostructure glass matrix, (c) the low temperasyrghesis also allows the entrapment of
molecules with low chemical and thermal stabilifp. design an optical fiber sensor, the sol-

gel film containing the sensing agent can be redlian the bare core of the optical fiber
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employing dip-coating method. Several sol-gel bagetical and optical fiber sensors have

been reported in the literature [99-102].

2.2.2 Humidity sensing probes prepar ation

Sensitivity of an evanescent wave absorption bagddal fiber sensor, for a straight and
uniform probe, depends on the fiber core diameld3]. The sensitivity is inversely
proportional to the core diameter of the sensiraber This is due to the fact that as the core
diameter decrease, number of ray reflection pdarlength increases. As a result, more power
is available with the evanescent field in the semsegion to interact with the analyte. Hence,
plastic-clad-silica multimode fiber of pre-reseadloptimum core diameter of 125um [103]
was used to develop the sensor. Fiber has a comtree index of 1.457 and cladding
refractive index of 1.404, which give the critieaigle of the fiber roughly equal to°7Fhe
total length of the fiber used was around 60cmefFgnds were prepared properly to get
optically-flat end faces perpendicular to the asisthe fiber which provides the efficient
coupling of light from source to fiber and fiber ttoe detector. About 5 cm of the cladding
was carefully removed from the central portion loé fiber. After that, it was sonicated in
soap solution (Merk) and then in de-ionized wakamally, it was cleaned with acetone. ZnO
nanoparticles were then synthesized through a eofgtrix over this centrally decladded
portion of the fiber to fabricate the sensing filit's worth mentioning that the properties of
sol-gel glass matrix film, e.g, nanostructures psize, porosity, film thickness, refractive
index, appearance (crack free) can be tailored @énefally controlling the chemical
composition and process during the sol-gel synsh&isige. To do this, chemical compostion
of the sol was first optimized. TEOS, de-ionizedavaethanol and hydrochloric acid were
mixed in a proper volume ratio under continuousiatj to prepare sol. This solution was

further stirred for another 30 min. A small volumiethis sol was poured into a beaker and
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kept for several days for gelation under a stablerenment. A crack free sol-gel matrix was
achieved for an optimized volume ratio of 3: 20101 for TEOS, de-ionized water, ethanol
and hydrochloric acid. Hence, to prepare optidaérf humidity sensing probe, the sol
solution was prepared by mixing 15 mL of TEOS, 10 af de-ionized water, 5 mL of

ethanol and 50 pL of hydrochloric acid (in optimuatio). The solution was then stirred for
30 min and kept for 36 hours to make it more visco@fterwards, ZnO nanoparticles

(reagent) of size less than 100nm (Sigma-Aldricleyevadded to the sol under continues
stirring to have a uniform distribution of nanope#s in sol solution. The decladded potion
of the fiber was dip-coated at a pre-determinececdpe ensure a uniform coating of the
reagent immobilized sol. In order to study the @ffef nanoparticle concentration on sensor
performance, three different compositions wereeaad by adding 0.2g, 0.3g and 0.4g ZnO
nanoparticle to the sol solution. For the perforogaaptimization of the sensor, multiple dip
coating (2-dip, 3-dip and 4-dip) was employed faicle composition. This way sensing
probes with identical film thickness, but varyingmfs chemical composition, as well as,

sensing probes with identical film’s chemical comifion, but varying film thickness were

practically realized. The sensing probes were daethe room temperature for two days.
Afterwards, they were annealed at 160°C in an deert hours in order to remove trace

ethanol and water molecules (resulted by condemsatiaction) from the pores of the film.

2.2.3 Design and development of humidity chamber

A humidity chamber has been designed and develdépethe proper characterization of
optical fiber humidity sensor. It was made of permheet of thickness 1cm. The total
dimension of the chamber was 11 cm x 9 cm x 7 dma. sSchematic diagram of experimental
set up is shown in Fig. 2.1. In this provision,edriair was first divided into two channels.

Dry air coming from one channel was passed thraugtater bath using a flow meter to
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make it humid and then fed to the humidity chambey. air coming from the other channel
was directly fed to the humidity chamber using aroflow meter. Flow meters were used to
properly mix dry and humid air in the humidity chiaen to control RH within the chamber. A
small outlet valve was made in the humidity chamberder to maintain the proper air flow.
A commercially available humidity sensing probe ffi@nic-HygroClip), which can monitor
humidity as well as temperature, was fixed instue humidity chamber. The output of this
probe was connected to one of the input channedsdata acquisition card (DAQ) which was

interfaced to the computer using LABVIEW programgiin

2.2.4 Sensing probe characterization

Optical fiber humidity sensing probe was fixed desithe humidity chamber in such a way
that the sensing region comprising nanoparticle afitized sol-gel nanostructured film was

in the middle of the chamber. Light from a He-Nsela operating at 632.8nm, was coupled
to the one end of the fiber. The distal end wasieoted to a photodetector using SMA (sub-
miniature version A) connector. The photodetect@svnterfaced to the computer using
DAQ card and LABVIEW programming as explained earliThe schematic diagram of

experimental setup for sensor characterizatiohasva in Fig.2.1. To start the measurement,
humidity was reduced by passing the dry air insiseechamber. For this, dry air flow meter
was completely opened and humid air flow meter ecampletely closed. The dry air reduced
the humidity level to the minimum possible valuefted that, the humidity was slowly

increased to the maximum possible value in suitabd@s. The fiber output and humidity
were measured, in each step, after sufficient newxded for them to get stabilized. The fiber
output as well as commercially available probe outpas recorded as a function of time

with a resolution of 1second.
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Figure 2.1: Schematic diagram of experimental setup for optical fiber humidity sensor

characterization.

2.3 Results and Discussion

The sensor is based on the phenomenon of intemsijulation through evanescent wave
absorption where a small portion of the optical pom the cladding region interacts with the
sensing ZnO nanoparticles embedded nanostructuwilegek thin film. To carry out the
experiment and to study the sensor response, liee dutput as well as the commercial
sensor's output was recorded as a function of tim#h a resolution of 1 second.
Measurements were carried out for both increasmdecreasing humidity cycles. All these
measurements were recorded at a constant temmer@8C). A slow and step humidity
variation was made inside the chamber by keepimgteot value of humidity for sufficient
time. A typical time response of optical fiber seng3-dip coated probe of 0.2g ZnO

nanoparticle concentration in sol solution), asexample, is depicted in Fig. 2.2 while
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increasing RH. It may be noted that as the humidityeases, fiber output decreases. This is
because of the fact that the nanoparticles imneddlidry sol-gel has almost negligible
absorption at a low humidity for 632.8nm; wherdas absorption within the sensing sol-gel
film increases at high humidity at the same wawglen As the surrounding humidity
increases, absorption increasd®nce the output power decreases. Similar quaétat
behaviour was observed for the other probes alsbfandecreasing RH variation. From
these data, fiber output corresponding to the edptiumidity (commercial sensor output)
was read from the stabilized portion (on the tiroales) and plotted against the applied RH

values to investigate/ analyse fiber sensor respons
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Figure 2.2: Responses of commercial humidity sensor and fiber optic humidity sensor (3-dip

coated probe of 0.2g ZnO nanoparticle concentration in sol solution).

In order to optimize the sensor performance, resparharacteristics of all sensing probes

with varying film thickness for each varying filmommposition is studied. Since the sensing
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film in each case is deposited from the same reisggesolution, any difference in response
should be attributed to the difference in the fillickness. To analyze the effect of film
thickness on the fiber sensor response, normafibedsensor output against %RH is plotted
in Fig. 2.3, for all three probes (2-dip, 3-dip afdlip) corresponding to 0.4g nanopatrticle
concentration in sol solution. Fiber sensor ougnd %RH values, both, were extracted from
the stabilized portion of their response charaogsti As can be observed from the figure, 2-
dip coated probe responds linearly from 40%RH t&%BH. Observed linear sensitivity of
this probe is 0.0012/%RH. Increasing film thickngf®om 2-dip to 3-dip) improved
sensitivity as well as dynamic range of the sengbe linear dynamic range of 3-dip coated
probe is observed to be 30-80%RH, which is highantthe one for 2-dip coated probe. 3-
dip coated probe is observed to have a sensitofit).0033/%RH in the observed linear
dynamic range. Compared to 2-dip coated probe,itsatys of 3-dip coated probe is
improved by factor 2.75. Further increase in then fthickness (from 3-dip to 4-dip)
decreased the sensitivity to 0.0012/%RH withoueafhg the linear dynamic range. This
shows that there exists an optimum film thickness0f4g nanoparticle film composition. In
this case, the optimum film corresponds to 3-dipted probe. Following reasons could be
attributed to the observation of an optimum filnckimess. For 2-dip coated probe, the film
thickness was much less than that of the penetratepth of the evanescent wave [30].
Correspondingly, less number of immobilized nanbplas were available in the sol-gel
sensing cladding to interact with the evanescentew&qually importantly, the evanescent
wave extended beyond the sensing film and remaimechausted as for as its interaction
with the nanoparticle, and hence, with the watgoua is concerned. With the increase in the
humidity, water molecules that are diffused inte tfores of the sensing film could interact
with a limited number of nanopatrticles only, regujtin a limited absorption of the optical

power carried by the evanescent field in the sensagion. Thus, a low sensitivity was
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observed. The thickness of the sensing film cooedmg to 3-dip coated probe was of the

order of the penetration depth and hence higher ttheat for the 2-dip film.
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Figure 2.3: Linear response of 2-dip, 3-dip and 4-dip coated probes corresponding to 0.4g

ZnO nanoparticle concentration in sol solution.

With higher nanoparticles within the sol- gel fibminteract with the optical power and with

complete exploitation of the optical power avai@abi the evanescent field, optimum optical

absorption was observed in this case. This letiechigher sensitivity as compared to the 2-

dip coated probe. Thickness of the sensing film4alip coated probe was more than the

evanescent wave. Thus, less number of water melea@auld diffuse into the volume of the

film spanned by the evanescent wave to interadt thi¢ corresponding optical power in the

wave. This reduced the sensitivity compared toBetiated probe.
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In the next step, sensing probes corresponding.3g Banoparticle concentration in sol
solution were characterized. Normalized fiber semmadput against applied %RH for three
probes (2-dip, 3-dip and 4-dip coated probes)tig film composition are shown in Fig.2.4.
As can be observed from the figure, linear dynamnge of 2-dip coated probe is 31-80%RH
with a sensitivity of 0.002/%RH. Once again, incieg film thickness from 2-dip to 3-dip

increased the sensitivity of the probe as obsefgedhe pervious film composition. 3-dip

coated probe has sensitivity of 0.003/%RH in theeobed linear dynamic range (30-

80%RH). Further increasing film thickness from & tb 4-dip decreased the sensitivity to
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Figure 2.4: Linear response of 2-dip, 3-dip and 4-dip coated probes corresponding to 0.3g

ZnO nanoparticle concentration in sol solution.

0.0027/%RH. Thus, again, 3-dip coated probe shoavéetter performance characteristics
compared to the 2-dip and 4-dip coated probes, iwbstablishes the existence of optimum

film thickness corresponding to 3-dip coated pretsen for this film composition. However,
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compared to previous composition, sensitivity ofliB-coated probe decreased without
affecting the dynamic range. This is expected todbe to the decrement in number of

nanoparticles in the humidity sensing film.

Optical fiber sensing probe corresponding to 0.2gmO nanoparticle immobilized sol-gel
silica matrix as a sensing cladding of varying filimckness (2-dip, 3-dip and 4-dip) were
similarly characterized afterwards. 3-dip coatedbgr for this film composition showed a
better sensitivity as compared to the 2-dip andpdedated probes, confirming the existence
of optimum film thickness for this case as welllidear dynamic range of 30-90%RH with a
sensitivity of 0.0027%RH was observed for 3-dip tedaprobe having film composition
corresponding to 0.2g ZnO nanoparticle in the Gomparing the response of optimum film
thickness with film composition corresponding todd). 0.3g, 0.2g ZnO nanoparticle
concentration in the sol, following observationsrevenade: (1) maximum sensitivity was
observed for 0.4g ZnO nanopatrticle concentratidre Jensitivity decreases with decrease of
ZnO nanoparticle concentration in the film; (2)elar dynamic range increases as the ZnO
nanoparticle concentration reduces in the film. ¢¢ern order to increase the linear dynamic
range further, another sensing probe was fabricatddZnO nanoparticle concentration of
0.1g in sol solution with 2-dip, 3-dip, and 4-dipatings. Response corresponding to the 3-
dip coated probe appeared to be the best for Ony r&anoparticle composition also, which
is depicted in Fig.2.5. Importantly, as can be olee from Fig.2.5, sensor corresponding to
0.1g ZnO nanopatrticle film composition and 3-ditiog responded to an applied humidity
as low as 4%RH to as high as 96%RH, thus spannthghamic range of 4%RH — 96%RH.
The most striking feature of the fiber sensor ctigmstics is the fact that the fiber sensor
responded to the applied humidity changes withiis thynamic range linearly. Further

reduction of ZnO nanoparticle concentration did pey¢ any dividend, sensitivity further
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Figure 2.5: Experimentally observed sensor response of 3-dip coated probe of 0.1g ZnO

nanoparticle concentration in sol solution.

reduced and linear dynamic range remained the sAnlieear response throughout over a
dynamic range as wide as 4%RH — 96%RH was achirdtie first time to the best of the
authors knowledge with such a simple geometry eyipipnanoparticle embedded sol-gel
nanostructured sensing film on a straight and umfdecladded optical fiber (see Table 2.1).
A linear sensitivity of 0.0012 RHwas observed in this case. It is worth mentiorivag the
sensitivity can be further increased manifold bytegsizing the same nanostructured sensing
film on a bi-conical taper [104] or a U-shaped getmyn of a pre-researched [103] optimized

bending radius made of the same optical fiber.
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Table-2.1: Dynamic range comparison of developed sensor ettibr reported sensors in

the literature.

Authors Sensing element L;gﬁggd(g//ggrg;c
Gaston et al. [74] Side polished SMF 70-90
Herrero et al. [75] Side polished SMF 0-15
Tan et al. [89] LPG 90-99
Liu et al. [91] LPG 38.9-100
Yeo et al. [96] FBG 23-97
Huang et al. [97] FBG 11-98
Vijayan et al. [83] U-shape plastic fiber 80-92
Tay et al. [76] U-shape plastic fiber 65-85
gligsncgr;cl)gé?ti%%ﬂagglgrObe of Straight and Uniform PCS fiber, 30-80
Sensor-2 §-dip coated probe of
0.1g nanoparticlein sol) Straight and Uniform PCS fiber 4-96

Linear dynamic range and the sensitivity for théirozed film thickness (3-dip probe) for
various film’s chemical composition (ZnO nanopdeiconcentration) is compiled in Table-
2.2. for an easy comparison. Corresponding sersersiamed as S1, S2, S3 and S4. 3-dip
coated probe of 0.4g nanopatrticle concentratiosoinsolution is characterized with highest
sensitivity. However, its linear dynamic range i#yo30-80%RH. Decreasing nanoparticle
concentration in sol decreases sensitivity, butre@ases the linear dynamic range
substantially. Three-dip coated probe of 0.1g nartagge concentration in sol has largest
linear dynamic range (4-96%RH). Nevertheless itsi@ity is lower than the 3-dip coated
probe of other compositions. This lead the fourmtatdf remaining investigations in the
thesis — possibility of retaining this widest pddsilinear dynamic range achieved here and to

enhance the sensitivity! Coming back to the presbservation, if the application requires
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Table-2.2: Response comparison of 3-dip coated probes toaipositions.

Concentration of ZnO| | . . e
Sensor nanoparticle in sol Linear dynamic Sensitivity
P . range (%RH) (Normalized/%RH)
solution
S1 0.1g 4-96 0.0012
S2 0.2g 30-90 0.0027
S3 0.3g 30-80 0.0030
S4 0.4g 30-80 0.0033

high sensitivity, S4 should be deployed, howeveRkf required to be monitored in a wide

range, S1 should be deployed.

In the next step, dynamic performance of the oieaisensing probe (corresponding to the
achievable widest dynamic range) was investigatedxposing the fiber sensor to a repeat
and quick RH step changes between 5%RH to 95%RId. hthmidity chamber was first
desiccated to 5%RH and then quickly humidified $86RH by passing air from the mouth
(human breathing contains more water vapor) thrabgtpipe to the chamber. The observed
time response is depicted in Fig. 2.6. As can bseoked from the figure, humidity
(commercial sensor output) increases almost ligeaahd quickly stabilizes afterwards
during the forward cycle of the humidity variati@p®RH to 95%RH); whereas it changes
almost linearly only up to the two-third (95%RH 3%%RH) of the reverse cycle of the
humidity variation (95%RH to 5%RH) and afterwardsanges slowly and exponentially
before stabilizing to 5%RH. Importantly, the relatiintensity (fiber sensor output) almost

instantly and smoothly changes during the forwaecof the humidity changes. During the
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reverse cycle of the humidity change, it varies caxgntially but at much faster rate in

comparison to the commercial sensor. Also, thdivelantensities in the fiber output are
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Figure 2.6: Observed time response behaviour of the optimized fiber humidity sensor for a

cyclic perturbation.

closely identical to extreme RH values in the hufiddtion and desiccation cycles. An
average response time of 0.06 second was obsesvduimidification, whereas an average
response time of roughly 5.5 times less than thigh® commercial sensor was observed
during the desiccation. Ideally, the response tohéhe sensor should have been the same
irrespective of the humidification or desiccatiorogesses. A possible reason could be the
fact that we could not make a step-down variatianing) the reverse cycle of the humidity
change while decreasing the humidity to the lowedtie (5%RH). It took longer time to
reach to this minimum. This was in contrast to &noat quick step-up variation while

switching the humidity to the upper (high) valuetli® chamber and hence the approach we
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followed to find the response time was not exaefhplicable for the reverse cycle. In any
case, the observed response times of the fibeosémsthe forward as well as the reverse
humidity cycles were much lower than the respomaed of the commercial sensor. Similar
observations were made for sensors S2, S3 and ®#&lksThis establishes the fact that the

developed fiber sensor is much faster than the cential sensor.

Finally, repeatability and reliability tests werarged out to rigorously analyze the sensor
(corresponding to widest achievable dynamic rapgefjormance. For this, experiments with
the optimized fiber humidity sensing probe weresggpd at an interval of 4 days. A total of 3
such repeat experiments on three different daye warried out in a span of 11 days. Fiber
sensor outputs corresponding to the three diffdrantility values (25, 55 and 85%RH) as an

example are shown in Fig. 2.7.
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Figure 2.7: Repeatability test of the sensor on different days.

TH-1092_0661201



Chapter 2: ZnO Nanoparticle based Smple Optical Fiber Relative Humidity Sensor: 46
Realization of Wide Dynamic Range

As can be observed from the figure, sensor outpatmost constant over a span of 11 days.
The maximum variation in the optical fiber sensatpat, compared to day-1, at the three
different humidity values of 25%RH, 55%RH and 85%RHFbbserved to be of the order of
10°. Similar observations were made for sensors, &8 S4. This shows a great
reliability and repeatability of the developed semd hus, the developed sensor employing
evanescent-wave absorption scheme through a nadiotgaimmobilized sol-gel silica
sensing film synthesized over a 5 cm length of mtradly decladded straight and uniform
optical fiber and having a reliable, repeatable #tmwdughout linear response achieved over

an almost widest possible dynamic range is of grepbrtance for real applications.

2.4 Conclusion

This chapter explained the development of a sinmgleoparticle based fiber optic relative
humidity sensor employing evanescent wave basedsity modulation scheme. The sensor
comprises ZnO nanoparticles immobilized nanostrectusol-gel sensing film (cladding)
synthesized over a centrally decladed straight andorm optical fiber. A rigorous
experimental analysis was carried out in order ptintize the sensing film (cladding)
configuration for the best possible sensor respofités was done by varying the film
chemical composition as well as film thickness.rrithe analysis of the experimental data, it
is concluded that in all the film compositions (cheal composition and thickness), sensing
probes with film thickness corresponding to 3-diating showed best response. 3-dip coated
probe of 0.4g ZnO nanoparticle concentration in solution showed the best linear
sensitivity. Decreasing the nanoparticle conceiotnatin sol solution decreased the
sensitivity, but increased the linear dynamic rarigesponse of 3-dip coated probe of 0.1g

ZnO nanopatrticle in sol solution is observed tditear throughout the range as wide as 4%
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to 96%RH. A linear response over such a large dymange is observed for the first time to

the best of our knowledge in such a simple approdtie average response time of the
optimized sensor is observed to be much less apa@u to the commercial sensor. Further,
the sensor response is observed to be highly iblerseliable and repeatable. A maximum

fiber output variation upon applying the humidityanige that could be observed over a span
of more than 11 days is of the order of°16nly. Hence the reported sensor is of great
practical importance and use. Next chapter of liesis is devoted to enhance the sensitivity

while possibly keeping the widest RH range obsemedte present chapter intact.

TH-1092_0661201



Chapter 3

Exhaustive Guided Mode Attenuation based Optical
Fiber Humidity Sensor: Enhanced Senstivity and
Wide Linear Dynamic Range

3.1 Introduction

There have been numerous scientific works repadrtetie literature to realize an effective
all-optical relative humidity (RH) sensor. Owing ttee inherent advantages offered by fiber
optics towards sensing technology [28], over thst pew decades a major research in this
class (all-optical sensing) is focused on the dgvelent of optical fiber RH sensor. Both the
techniques — extrinsic [81] as well as intrinsichave been employed to develop these
sensors. Especially in intrinsic techniques, intgnsiodulation through evanescent wave
absorption/scattering [64, 69, 73, 75] and the Wweangth modulation through long period
gratings (LPG) [89, 92] /fiber Bragg gratings (FB[SH-97] or an interferometric structure
[86] have emerged as the most popular techniquesle optical fiber RH sensor. It's worth
mentioning that the optical signal propagatinghie fiber at an operating wavelength such as
~632.8 nm or ~1550 nm does not directly interachwaipplied humidity perturbations; and
hence cannot lead to an intensity/wavelength meéidulaTo realize RH sensor at these

wavelengths, such interactions are indirectly coueok by bringing a suitable chemical
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reagent into the interaction range of the propagasignal in the fiber. This reagent
undergoes a chemical transformation when expose@Hoperturbations, which leads to
either in the change of its mechanical propertret® @n altogether different chemical species
optically active (directly interacts) at these wawgths — enabling intensity/wavelength
modulation. For this reason, wavelength modulatensors in [89, 92] have used polymer
coated LPG/FBG. For LPG based RH sensors, highgsimic range of 33-97%RH was
observed in [92], but the sensor response was mearlithroughout. For FBG based RH
sensors, highest linear dynamic range of 11-98%HRBHl ebserved in [97] with a sensitivity
of 0.266mV/%RH. Though a wide dynamic range isi@gtd, performance of all these
grating based RH sensors is limited by temperaagewnell as strain cross-sensitivities.
Requirement of sophisticated grating writing tecueis as well as costly and bulky
interrogation devices further complicates desigmhguch sensors from practical point of
view, where a cheap and easily fabricate-able semsuald be preferred. On the other hand,
RH sensors employing intensity modulation throughnescent wave absorption/scattering
exploits chemically modified cladding (owing to treason explained earlier). In general, the
penetration depth of the evanescent wave in thadirlg region is typically less than the
wavelength of operation [30]. This depth defineshart range of sensing volume within
which, power carried by evanescent wave interadis the measurand and gets attenuated
due to absorption/scattering/refractive index clear@@nsequently, the fraction of the total
guided power present in the cladding region is gaheless than 1% (w.r.t. the total guided
power) for weakly guiding multimode fiber. This imges main limitation for sensors based
on intensity modulation through evanescent wave leymg straight & uniform fiber
geometry and, in general, leads to a poor senyitiVio overcome this limitation, one needs
to replace the fiber cladding by a synthesizedditagl over a large portion of fiber to have

detectable change at the output end. If the leofythe modified cladding is to be kept small,
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one needs to replace the fiber either by a singldenfiber (which carries higher fractional
guided power in the cladding) or by a bent/tapdil@el geometry to increase the sensitivity.
However, irrespective of the employed fiber georasirall most all such evanescent wave
based RH sensors reported in the literature [6478975] exhibit nonlinear response with a
piece-wise limited linear sensitivity over the obsel dynamic range. In the previous
chapter, an optical fiber RH sensor having a thhoug linear response over the dynamic
range as wide as 4-96%RH employing straight anébumifiber geometry in conjugation
with ZnO nanoparticle immobilized sol-gel sensit@dding is reported. The observed linear
sensitivity was 0.0012/%RH. It's worth mentioniritat the reagents used in all such studies
(e.g9., ZnO nanoparticle in [chapter-2], Si@anoparticles in [81], Coglin [30, 64],
hydroxyethylcellulose in [73], Ti®in [75], MgO in [77], Co nanopatrticles in [83],cet to
conceive an indirect interaction with RH perturbati at the operating wavelength were
immobilized in certain polymer matrix and henceititencentration was limited even in the
optimized composition of synthesized cladding. ket they were accessible only in the
minuscule volume of this cladding. This limited thesulting sensitivity of the sensor.
Certainly, if the reagent can be made accessiblsobye method even in the core region of
the fiber, the only way left to increase the extehtinteraction with the guided signal,
sensitivity is bound to increase manifold. Howewbis is not possible if the fiber used in the
sensor development is solid silica core standder filnterestingly, Zhou et al. [65] showed a
way by employing a bare optical fiber with porousec The advantage of this approach is
the fact that the reagent is allowed to diffuse itie fiber core. Importantly, the entire guided
mode is allowed to interact with this reagent, irgdo an enhanced sensitivity. However,
the fabrication of bare fiber with porous core wasy complicated and the resulting sensor

response was piece-wise limited to a very shorisR&h in [65].
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The motivation of the work reported in the presempter is to develop an all-optical RH
sensor with linear response over a wide dynamigeaftlose to the largest reported in
chapter 2) and to enhance the sensitivity. To zealhis, mechanism of exhaustive
attenuation of entire guided mode is exploited. sTie done by employing reagent
immobilized bare fiber with porous core having igfind and uniform geometry as a sensing
element. A very simple methodology is used to faig ZnO nanoparticle (reagent)
immobilized nanoporous microstructured sol-gel banaight and uniform optical fiber core.
Performance of the developed sensor is charaaeapainst the commercially available
relative humidity sensor. The response charadiesistf the sensor are analysed, and
compared with the RH sensor based on evanescerd alzsorption scheme employing an
identical humidity sensitive porous nanostructuze@ nanoparticle immobilized sol-gel
matrix with identical chemical composition) as g8yathesized cladding. The sensor repose is
observed to be linear over a dynamic range of 5RB%which is comparable to the widest
dynamic range observed in Chapter 2. Most impdstahihear sensitivity is observed to be
0.0103/%RH, which is ~9 times higher than the s&uisi observed for the sensor employing
evanescent wave absorption scheme. In additiorsosaesponse is observed to be fast,

reversible, and repeatable.

3.2 Experimental
3.2.1 Fabrication of ZnO nanoparticles immobilized sol-gel nanoporous

optical fiber

Sol-gel technology provides an effective tool todarce silica glass matrix from liquid phase.
The main advantage of this technique is the faat tarious properties of sol-gel derived

glass e.g., refractive index, porosity, microstuuet hydrophobicity, stability etc. can be
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desirably engineered by controlling experimentalndibons e.g., reaction process,
precursor’s characteristics, catalysis etc. In t@alili sol-gel glass is characterized with high
optical transmission coefficient over a broad weamgth range (UV to near IR) and high
thermal/chemical stability [105-106]. Another adisge is, one can easily immobilize any
chemical reagent in sol-gel glass matrix while dieg the chemical composition at the sol
preparation stage itself. Owing to these reasooisged technology is used in the present
work to fabricate bare, straight & uniform opticBber sensing element with reagent
immobilized porous microstructured silica cores lorth mentioning that the realization of
a crack free sol-gel silica fiber core having Baid surfaces, uniform diameter throughout its
length and controlled porosity is quite challengiRgr this purpose, a precursor solution was
prepared by mixing Tetraethyl orthosilicate (TEOSJ)e-ionized water, ethanol and
hydrochloric acid in the ratio 3: 2: 1: 0.01 (sam® used in chapter-2). Preserving this
solution at room temperature for few hours to hawarolysis and condensation
polymerization leads to a viscous sol solution. tAis stage, 0.1g ZnO nanoparticles
(corresponding to the largest dynamic range in @ied) of size less than 100nm (Sigma-
Aldrich) was added to this solution under contimnsistirring. After a proper mixing, this final
solution was poured into a small Tygon tube of tbeest available inner diameter.
Subsequently, it was preserved for two weeks instable environment for gelation, which
led to a porous silica glass matrix. This sol-gefived glass matrix was then gently pushed
out of the Tygon tube and annealed at’C6@h order to remove trace ethanol and water
molecules from the porous structure. Thus a baraight (having cylindrical shape), reagent
immobilized porous silica optical fiber core wahi@ved. The total length of the bare fiber
core was observed to be ~14mm, which can easilgilmeed to other values.

Before attempting to realize RH sensor employing #ol-gel derived porous silica optical

fiber core as an optical waveguide, its structpraperties are needed to be examined. This is
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because of the fact that the wave-guidance thramghgiven medium/device is bound to get
affected by the structural properties of that meddevice. For an effective and loss-less
wave-guidance, the cylindrical shaped fiber coredseo be free from (a) small-scale (small,
compared to the wavelength of operation) inhomogese arising from density and
composition fluctuation within the core, (b) impextions at the fiber core surface and (c)
fiber core diameter fluctuation. Small-scale inhgmoeities are inherently frozen in the sol-
gel derived reagent immobilized silica fiber corry to (a) a cross-linked microstructure of
the sol having interspaces that is converted im@aostructure with nano-scale pores after
gelation, (b) the presence of immobilized reaganthe present case, ZnO nanoparticles) and
(c) the use of Tygon tube whose inner surface akleagth-scale is not smooth but carries
imperfections. One such inhomogeneities, namelyptiesence of pores, makes sol-gel glass
permeable to the analyte to be sensed, an esseafjairement for sensing application.
However, these pores along with the immobilizedjess also play the role of the scattering
centers within the sol-gel fiber core; making sstfictures heavily lossy. Thus, one needs to
design such structures very carefully by effectivelontrolling the porosity of such
structures. To examine these characteristics oflveloped sol-gel silica bare fiber core, its
microstructure was studied through a field emissicenning electron microscope (FE-SEM)
(Sigma FE-SEM, Carl Zeiss NTS, USA, resolution #ZadnFig. 3.1 shows the FE-SEM
image of the sol-gel fiber. The diameter of theefilis observed to be ~800um. Also, the
diameter is observed to be uniform throughout #regth of the sol-gel fiber. It's worth
mentioning that a lower diameter, which is certapssible to realize, could not be achieved
in this study owing to the non-availability of Tygdube of lower inner diameter in the
laboratory. Further, the end-faces of the sol-gerfare observed to be almost flat and the
fiber is free from any crack. Importantly, obseryithe central region (excluding the near

surface region) in the cross-section of the dewadagol-gel fiber, pore size is observed to be
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smaller than the resolution of FE-SEM. This is ot@dance with the reported pore size
(~3.8 nm) for the nanostructure of a sol-gel sitiza film [106]. Surface morphology of the
sol-gel fiber is shown in Fig. 3.2, which depicts mterconnected uniform and porous

structure having moderate roughness. Pore sizeeosurface of the sol-gel fiber core is

Figure 3.1: FE-SEM image of ZnO nanoparticle immobilized microstructured sol-gel silica
fiber core.

observed to be in the micron (um) range. Furthes, durface porosity was observed to be
higher than the volume porosity. These observationght be due to the large-scale
roughness involved with the inner surface of thgdrytube, as the outer surface of the sol-

gel fiber core was in touch with it during the fabtion procedure.

Figure 3.2 FE-SEM pattern of surface morphology of ZnO nanoparticle immobilized
microstructured sol-gel silica fiber core.
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3.2.2 Designing of RH sensor

Schematics of the methodology for realizing anoglical RH sensor employing the sol-gel
derived nanoporous silica optical fiber core asgblesing element is shown in Fig. 3.3. A
small piece (~10mm) of the nanoporous sol-gel nsicumture fiber core was carefully

aligned and mechanically spliced between the twogs of identical plastic-clad-silica

Nanoparticles immobilized Sol-gel fiber humidity sensor

PCS-1 PCs-2 .
| : | |

|

Fiber holder

Figure 3.3: Schematic diagram of alignment of sol-gel fiber sensor between two multimode
fiber pieces.

multimode fiber. Ideally, the core diameter of fR€S fiber should be exactly the same as
that of the sol-gel fiber for efficient power coung and correct alignment. However, PCS
fiber used in the sensor designing was having @ d@meter of 600pum — much less than the
core diameter of the sol-gel fiber (~800um), budikable maximum in the lab. This resulted

in a core diameter mismatch owing to the experialetnstraints (unavailability of Tygon

tube of 600um inner diameter/unavailability of aSfiber of ~800um core diameter). There
would be additional losses due to mechanical s@itd not-so-perfect end-faces of the sol-
gel fiber. The core diameter mismatch, along whidse factors, greatly affects the efficiency

of the sensor. Nevertheless, experimental charaatem of the sensor was carried out to
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show the proof of concept. The three fibers wergnad in a way to possibly maintain a
common central axis for all of them. A small piefestainless steel grid was used to provide
support to both the splice points and this wayntontain the alignment while characterizing

the sensor during experiment.

3.2.3 Sensing probe characterization

Humid air Dry air
_» ‘_

DAQ

Humidity probe

Gas inlet
- - .
Coupling optics Gas outlet
—

Nanoparticles immobilized sol-gel fiber humidity sensor

Figure 3.4: Schematic diagram of experimental setup for sensor characterization

Developed sol-gel fiber humidity sensor was cafgftiixed at the center of humidity
chamber via PCS fibers. Free end of one PCS filaar supled to a He-Ne laser (632.8nm)
and free end of the other fiber that carries thedmitted light was coupled to a photodetector
using SMA connector. The schematic diagram of tkpeemental set up for sensor
characterization is shown in Fig. 3.4. The sensas vexposed to different humid

environments as explained in chapter-2
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3.3 Resaults and Discussion

The proposed sensor works on the principle of esthaiattenuation of entire guided mode
in a ZnO nanoparticles immobilized nanoporous sbligare, straight and uniform optical
fiber, which results in an intensity modulationadigher extent at the fiber output end. For

proper characterization of the developed nanopestionmobilized nanoporous sol-gel-fiber
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Figure 3.5: Time variation of commercial humidity sensor and sol-gel fiber humidity sensor.

as a humidity sensor, it was carefully fixed insttie humidity chamber and exposed to
different humid environments by controlling theviloates in humid and dry flow meters.

During this, the transmitted light through the gel- fiber sensor was monitored against
humidity variation inside the chamber. Fiber outasitwell as commercial sensor outputs was
simultaneously recorded as a function of time vathesolution of 1second. Measurements
were carried out for increasing and decreasing dityncycles at a constant temperature

(25°C). A typical fiber sensor response while incregdimimidity is shown in Fig. 3.5. As
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can be observed from the figure, as the humiditygases, transmitted light intensity through
the sol-gel fiber sensor decreases. This is becafisthe fact that the nanoparticles
immobilized dry sol-gel fiber has almost negligilalesorption at a low humidity at 632.8nm,;
whereas the absorption within the sensing fibereimses at high humidity at the same

wavelength. This causes attenuation of the propagatode of the PCS fiber through the
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Figure 3.6: Experimentally observed sensor response of the ZnO nanoparticles immobilized
nanoporous sol-gel fiber sensor.

sol-gel fiber sensor, and hence decreases in dheritted light intensity. To have a proper
idea about fiber sensor response, fiber sensoubigplotted against %RH in Fig. 3.6. Fiber
senor output and %RH values, both, were extracted the stabilized portion of their time
response characteristics. As can be observed fioen figure, the ZnO nanoparticles
immobilized nanoporous sol-gel fiber sensor resgdimarly to applied perturbations over a

wide RH range of 5-95%. The observed linear seiitsitis 0.0103/%RH.
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The observed linear dynamic range of the sol-dedrfhumidity sensor is comparable to the
one, observed with an identical sol-gel sensingimaynthesized as the fiber cladding on a
solid silica standard fiber core (sensor S1, TabRof Chapter 2). Importantly, sensitivity
increased manifold (~9 times) compared to the ptmdmed on evanescent wave absorption
scheme (sensor S1). The sensitivity enhancemeluteigo the fact that, for sensor employing
evanescent wave absorption scheme, only a smatldnaof the power carried by the mode
(in the evanescent wave) can interact with theisgneaterial. This results in an intensity
modulation to a lesser extent; and hence, a lowesitvity. However, in nanoparticle
immobilized nano structured sol-gel fiber humidsggnsor, the sensing material (reagent) is
infused uniformly in the entire core within the sexg region. Further, the nanoporous
structure of this sensing region with good porosigo ensures the diffusion of perturbation
(humid air) to the greater depth within the sensewjon (sol-gel nanoporous fiber core). It is
worth to mention that performance of the sensorbmafurthere improved by making sol-gel
fiber core whose diameter matches with the corendiar of multimode fiber. Thus, the
guided mode of the standard fiber, upon enterimg the sol-gel fiber, are completely
exposed to the reagent and the analyte, which emablhuge extent of interaction that is
impossible to realize with an identical structuseaasensing cladding (rather than a sensing
core). Also, the corresponding absolute sensitioftysol-gel fiber sensor was 0.93mV/%RH
which is ~3.5 times the maximum sensitivity obsdrweth FBG based RH sensor (dynamic
range 11-98%RH, sensitivity 0.266mV/%RH ) [97]. datailed comparison of this sensors

response is carried out in section 4.3 of the nbapter.

In the next step, dynamic performance and the tap#idy characteristics of the ZnO

nanoparticle immobilized nanoporous sol-gel fibamidity sensor were investigated in an

identical way reported in Chapter 2. An averag@aase time of 0.54 second was observed
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for humidification whereas an average response thn@.68 second for the desiccation.
These were smaller than the average time respdribe commercial sensor, but almost 10
times higher than the one observed for sensordapter 2. Owing to the porosity down till
the axis of the fiber in the sensing region, latieservation is expected. Further, the response
time of the sensor should ideally have been idahiitespective of the humidification or
desiccation processes. A possible reason coulthédarct that, once again, we could not
make a step-down variation during the reverse cydésiccation) of humidity variation.
Exposure to the cyclic variation of RH changes oagain established that the response of
sol-gel fiber sensor is highly reversible and répele. In addition, a maximum fiber output
variation during the repeatability and reversipiliest over an interval of few days is
observed to be of the order of16nly. This shows a high reliability and repeatipivf the

reported sensor.

3.4 Conclusion

This chapter described the development of an aitaiphumidity sensor based on exhaustive
attenuation of guided mode in ZnO nanoparticles aiiized nanoporous sol-gel fiber.
Sensor response was investigated for different duenvironments. A linear response over a
wide dynamic range of 5-95%RH with a sensitivity @0103/%RH is observed for this
sensor. The observed linear dynamic range is cabjgato the optical fiber humidity sensor
based on evanescent wave absorption scheme withnanGparticles immobilized sol-gel
film as humidity sensing cladding. In addition, siinity is improved by factor ~9 compared
to sensor employing evanescent wave absorptionnmsehé&urther, the observed linear
sensitivity is ~3 times higher than the highesorégd in chapter 2. It is worth to mention that

the performance of the sensor can be further ingatdwy reducing the diameter mismatch
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between sol-gel fiber sensor and core of the moltienfiber used for the experiment.
Additionally, with an average time of 0.54 secowd fiumidification and 0.68 second for
desiccation, a maximum fiber output variation of trder of 14 over a sufficiently long

period the developed sensor is most suitable fdffreld applications.
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Chapter 4

TiO, Nanoparticle based Simple Optical Fiber
Relative Humidity Sensor: Sensitivity Enhancement
with Linear Response

4.1 Introduction

Last two chapters described the development ofcalptfibper RH sensor with ZnO
nanoparticles immobilised sol-gel nanostructure dsimidity sensing clad and the core. A
good sensitivity over a wide dynamic range wasizedl In order to further enhance the
sensitivity, while keeping the sensor responsealingossibly over a wide RH range, RH
sensor employing simplest fiber geometry (stragid uniform optical fiber) is developed
exploiting a different sensing reagent (Fi@anoparticle). As was established in Chapter 3,
the exhaustive guided mode attenuation throughergagnmobilized nanoporous sol-gel
silica glass core is bound to result in a manig®#dsitivity enhancement in comparison to the
reagent immobilized nanoporous sol-gel silica glelssl over a solid standard silica fiber
core. Hence, evanescent wave absorption basedityt@modulation scheme was employed
for the new reagent in the work reported in thigpter. TiQ has high adsorption towards
water molecules. When nano-scaled, it will havehhsgrface to volume ratio and hence,
more surface area to interact with the water mdéscurhe exposed sensing region (central
decladded fiber core that carries Fi@anoparticle immobilized nanostructured sol-g@h th
film) to the humid environment induces an absorptid the optical power carried by the

evanescent field. This absorption of the opticalv@oincreases with the increase in the
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humidity; and finally results in a modulated fibautput, which is used as the criterion for
detecting and determining relative humidity of thurrounding environment. A

comprehensive experimental investigation is caroed in order to optimize the sensor
performance by suitably controlling various potahtexperimental/sensor parameters of
interest that can influence the sensor’s respdnggortantly, a much improved sensitivity of

27.1mV/%RH is observed, for the optimized probenglwith the throughout-linear sensor
response over a dynamic range as wide as 24% t&RBb5#ith an average response time of
0.01 second for humidification and 0.06 secondferdesiccation. Furthermore, a maximum
fiber output variation during the repeatability arebersibility test is observed to be of the
order of 10" only. Thus, the response characteristics of thinigped sensor are observed to
be very fast, reversible and repeatable. Theseactaistics of the sensor make the

developed sensor very useful for many practicdtrela applications.

4.2 Experimental

4.2.1 Preparation of colloidal TiO, nanoparticles

TiO, nanoparticles (10 — 15 nm size) were developdateriaboratory in a way to fine tune

their size. For this, Titanium (1V) isopropoxide svased as the precursor solution. A suitable

v od
d
2"
- ®

A0 1100
et

Figure 4.1: TEM image of in-house devel oped TiO, nanoparticles.
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volume of Titanium (IV) iso-propoxide was addedetihanol. A controlled volume of this
solution was then added to de-ionized water iredsfit volume ratio under vigorous stirring.
The stirring was continued for 12 hours. Stirrimgped, pH of the de-ionized water and the
solution composition were carefully controlled. Aptimum composition with a volume ratio
of 0.1:1:9 is observed for Titanium (IV) isopropd& ethanol and de-ionized water. A
Transmission Electron Microscope (TEM) image of phepared Ti@nanoparticles is shown

in Fig. 4.1.

4.2.2 Humidity sensing probes preparation

PCS fiber having same specifications used in Chdpteas used to develop the sensing
probe. Once again, about 5 cm of the cladding wamved from the central portion of the
fiber. The probe was first sonicated in soap sotuiiMerk) and then in de-ionized water.
Finally, it was cleaned with acetone. In-house t®ed TiQ nanoparticles were then
synthesized through a sol-gel nanostructured matvier this centrally decladded straight
fiber to fabricate the sensing film. To do so, 8@ was prepared by mixing tetraethyl
orthosilicate (TEOS), de-ionized water, ethanol agdrochloric acid in the ratio of 3: 2: 1:
0.01 (same as used in Chapter 2). A suitable volohgO, nanoparticle colloidal solution
was added to the sol under constant stirring. tieoto investigate the effect of nanoparticle
concentration on the sensor performance, concenriraif TiO, nanoparticle colloidal
solution was varied to 6, 9 and 12 %(v/v) in thé ddis way, three sol solutions were
prepared with varying Ti@nanoparticle concentration. Dip coating method waed to
deposit a TiQ nanoparticle immobilized nanostructured sol-gkeh fonto the bare fiber core
for each sol solutions. For further optimizatiordanvestigation of the sensor performance,
multiple dip coating was employed to prepare theerfioptic probes with varying film

thicknesses for the three sol solutions of varymagoparticle concentrations. All sensing
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probes were annealed at 160°C in order to remdwnel and water from the pores of the

film.

4.2.3 Sensing probe characterization

Similar procedures as explained in Chapter 2 wellevied in order to characterize each

sensing probe.

4.3 Results and Discussion

In the process of characterization and optimizatibthe sensor’s response, the effect of film
composition and film thickness were examined iradi@ince again. As mentioned earlier,
varying film compositions through 6, 9 and 12 %jw¥ TiO, nanoparticle colloidal solution
in the sol were prepared. Sensing film of threéed#nt thicknesses with each solution were
deposited on the centrally decladded fiber. Theedavas done using two-dip, three-dip, and
four-dip coatings. Fiber sensors were fixed intdst-chamber. Humidity was varied in steps
and that too, very slowly inside the chamber. Expents were carefully carried out for
increasing as well as decreasing humidity cyclest the data were recorded only after the
stabilization of humidity in the test-chamber. fhert these data (fiber output as well as the
commercial probe output) were recorded once agafmrections of time with a resolution of
1 second. A constant temperature of@5vas maintained throughout the experimental
investigations for all sensing probes. Fig. 4.2 idspa typical sensor response, as an
example, for the sensing probe having film compasitorresponding to three-dip coating of
9 %(v/v) TiO; nanoparticle colloidal solution concentration ire teol onto the centrally
decladded straight and uniform optical fiber. Aa ba observed from this result, fiber output
decreases as the humidity increases within the lbbarihis can be physically understood as

following: water molecules being diffused into thano-scaled pores of the pure sol-gel
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matrix get adsorbed in these pores. The rate ajrptisn is stimulated (greatly enhanced)
owing to the presence of the metal-oxide catio®8{109]. Thus, increase in the humidity
increases adsorption of water vapour and the cwadien in the pores of the sensing film
manifolds. This leads to a greater change of rgfmacindex in the sensing region in
comparison of a pure sol-gel sensing film. Corresinng leakage of the guided power to the
cladding modes results in a comparatively intensensity modulation. A similar qualitative

behavior was observed for the other film configuorad as well.
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Figure 4.2: Time variation of commercial humidity sensor and fiber optic humidity sensor (3-

dip coated probe of 9 %( v/v) nanoparticle concentration in sol).

Coming back to the optimization process, respotsgacteristics for all the sensors with
varying film thicknesses for each varying film coosgion were studied. Since the

nanoparticle doped nanostructured films in eacle casleposited from the same respective
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solutions, any difference in response should bebated to the difference in the film
thickness. To explicitly observe this effect, fibmutput is plotted against %RH (measured
through the commercial sensor) for each case. &£R&).depicts the effect of varying film
thickness for 6%(v/v) Ti@nanoparticle colloidal solution concentration ie gol. As can be
noticed from this result, a throughout-linear resgwin the humidity range of ~25-94%RH is
observed for all the sensors of varying film thieka with this film composition. A
sensitivity of 2.0mV/%RH is observed for two-dipated sensor. Increase in film thickness
from two-dip to three-dip improves sensitivity tdb®V/%RH, which is ~4.7 times higher to
the one observed for two-dip coated sensor. Incrgake film thickness from three-dip to
four-dip does not result in the same trend; radearsitivity ceases to improve and drops
down to 1.0mV/%RH. Three-dip coated sensor oncenagshibited the best achievable

sensitivity for this composition, whereas, two-digated sensor exhibits better sensitivity
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Figure 4.3: Experimentally observed sensor responses of 2-dip, 3-dip and 4-dip probes with

6%(Vv/v) nanoparticle concentration in sol.
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than four-dip coated sensor. This observation éstes the fact that there exists an optimum
film thickness corresponding to three-dip coatedsee for this film composition (as was

observed in Chapter 2 for ZnO nanoparticles imndxl sol-gel sensing clad).

Next, fiber output is plotted in Fig. 4.4 for thensor with a film composition corresponding
to 9%(v/v) TiG, nanopatrticle colloidal solution concentration ie $ol. As can be observed,
sensor response remains throughout-linear. Furth@easing the nanoparticle concentration
in nanostructured sensing film hasn’'t affected thywamic range of the sensor, which
remains the same as it was for lower nanopartmheentration. Nevertheless, increasing the
nanoparticle concentration in the sensing film dogsove an overall response of the sensor.

Sensitivity for the two-dip coated sensor increases.8mV/%RH (~3 times) as compared to
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Figure 4.4: Experimentally observed sensor responses of 2-dip, 3-dip and 4-dip probes with

9%(Vv/v) nanoparticle concentration in sol.
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2.0mV/%RH for 6%(v/v) TiQ nanoparticle colloidal concentration. Once aganereasing
the film thickness from two-dip to three-dip forigHilm composition improves sensitivity,

which is observed to be 27.1mV/%RH.

The ratio of increment for three-dip sensitivity @ composition film is ~4.7 as compared
to the two-dip coated sensor of same film compasitind is 2.85 as compared to the three-
dip coated sensor of lesser (6%) film compositibimat is, trend of sensitivity enhancement
remains the same while either increasing the filitkness keeping film composition
constant, or, increasing the film composition kegpihe film thickness constant as for as
two-dip to three-dip films are concerned. Incregghme film thickness from three-dip to four-

dip again did not pay any dividend and the sensitodropped down substantially. Film
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Figure 4.5: Experimentally observed sensor responses of 2-dip, 3-dip and 4-dip probes with

12%(v/v) nanoparticle concentration in sol.
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composition was further changed to a higher nangbar concentration (12%(v/v)
nanoparticle concentration in sol) and the corredp® sensor’s responses are plotted in Fig.
4.5. Sensor corresponding to three-dip coatingnegslibits the best sensitivity as compared
to two-dip and four-dip coated ones. However, iasheg nanoparticle concentration in sol
from 9%(v/v) to 12%(v/v) substantially deterioratdte sensitivity for sensors with all the
three film thicknesses. For example, the sengttifat three-dip coated sensor with this film
composition is observed to be 1.87mV/%RH, whicli4s5 times less than the sensitivity
observed for 9%(v/v) composition of three-dip cdasensor. This shows even the existence
of an optimum film composition along with the optim film thickness for the present
sensor. To understand this, Fig. 4.6 shows a cosgaof the sensor responses of 3-dip

coated probes of each chemical composition of sbfign sensing cladding. As can be
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Figure 4.6: Sensor response comparison of 3-dip coated probes with 6, 9 and 12%(v/v)

nanoparticle concentration in sol.
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observed from the figure, increase in nanopartdacentration from 6%(v/v) to 9%(v/v)
(1.5 times) results an increase of the sensitifrityn 9.5mV/%RH to 27.1mV/%RH (2.85
times) without affecting the throughout-linear dgymea range. To carefully estimate it,
experiments were then extended to 8 and 10%(v/@, fianoparticle colloidal solution
concentration in the sol. Comparison of all thgpoeses showed that it's the three-dip coated
9%(v/v) TiO, nanoparticle colloidal solution concentration ie gol, which exhibits the best
overall sensitivity. Following reasons can be httted to the observation of optimum film
thickness and the composition. For two-dip coatihg, film thickness was much less than
that of the penetration depth of the evanesceneVja®]. Correspondingly, less number of
immobilized nanoparticles was in the sol-gel matoxinteract with the evanescent wave.
With the increase in the humidity, water moleculest are diffused into the pores of the film
could interact with a limited number of nanopa#gglonly, resulting in a limited absorption
of the optical power carried by the evanescendfiel the sensing region. Thus, a low
sensitivity was observed. The thickness of the isgnlm corresponding to the three-dip
coated probe increases sufficiently but remainsiwithe penetration depth and hence,
higher than that for the two-dip film. With higheanoparticles within the sensing film to
interact with the optical power and with a maximwxploitation of the optical power
available in the evanescent field, optimum optatadorption was observed in this case. This
led to the higher sensitivity as compared to the-tip coated probe. Thickness of the
sensing film corresponding to the 4-dip coated pralas more than that of the evanescent
wave. Thus, less number of water molecules couftls#i into the volume of the film
spanned by the evanescent wave to interact withdhresponding optical power in the wave.
This reduced the sensitivity substantially. Furtllee effect of changing the film composition
with a higher nanoparticle concentration in sol-geanostructured sensing film on the

centrally decladded straight and uniform fiber xpected to be two-fold. First, increased

TH-1092_0661201



Chapter 4: TiO, Nanoparticle based Smple Optical Fiber Relative Humidity Sensor:
Sensitivity Enhancement with Linear Response

72

amount of nanoparticle makes each dip-coated féwirtg a higher film thickness. Second,

high volume fraction of nanoparticles in the segsiranostructured cladding obstructs the
proper diffusion of water molecules into the segditm upon increasing the humidity, and

hence, the optical modulation of the evanescenkevemergy. It's the thickness of three-dip
coated probe for 9%(v/v) Tihanoparticle colloidal solution concentration ie &ol, which

is of the order of the penetration depth. Thisteethe maximum evanescent interaction, and

hence, the maximum sensitivity.

Table 4.1: Response comparison of the developed sensomoihdr reported sensors.

T I I T

fiber

Linear
Authors Sensing element dynamic range  Sensitivity
(%RH)
Gaston et al. [74] Side polished SMF 70-90 0.5 dBM/
Herrero et al. [75] Side polished SMF 0-15 0.5 niRM%
Tan et al. [89] LPG 90-99 1.2 dB/%R
Liu et al. [91] LPG 38.9-100 0.2 nm/%R
Yeo et al. [96] FBG 23-97 5.6 pm/%R
Huang et al. [97] FBG 11-98 0.266 mV/%R
Vijayan et al. [83] U-shape plastic fiber 80-92 BB4AnV/%RH
Tay et al. [76] U-shape plastic fiber 65-85 74.8%/%RH
oo developed | NenoporouSIaTan | 595 | o.oamvieRn
Developed sensor Straighf gnfr Uriiigrn BG 24-95 27.1 mV/%RH

Next, sensitivity characteristics of the developm® compared with the other sensors
reported employing various schemes in the liteeatufable-4.1 lists the sensitivity
characteristics of these sensors for comparisoncaks be observed from the table, side-

polished single mode fiber based sensors are lintitevery small dynamic range. Further,
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best dynamic range for the LPG based sensor isngdaben [91]. Apart from the work
reported in this thesis, an overall largest lindgmamic range (11-98%RH) is reported in
FBG based sensor of [97] whereas an overall laggsditivity (74.85mV/%RH) is reported
in U-shaped plastic fiber based sensor of [76]cdmparison, the linear dynamic range of
developed sensor is slightly lower than the onented in [97], however, the sensitivity of
the reported sensor is ~102 times higher than [With the simplest sensing element
(straight and uniform fiber probe), it's easy tdriaate and avoids the need to costly and
sophisticated source and detection device. Furtmenparing the response of the developed
sensor with [76], the linear dynamic range of tleeedoped sensor is much improved over
[76]. As far as the sensitivity is concerned, wsrth mentioning that [76] is based on U-
shape probe and according to [110], sensitivityaases approximately seventy times for the
U-shaped optical fiber probe in comparison to theesponding straight and uniform optical
fiber probe. This means, the expected sensitivibyldl be of the order of 1897mV/%RH if
the straight and uniform optical fiber probe of theveloped sensor is replaced with a U-
shaped probe of the same optical fiber. This ishmhuigher than the one reported in [76].
Further, the observed sensitivity of the presef, hianoparticle based sensor is even much
higher (~29 times) than the sensitivity observe@xhaustive and guiding mode attenuation
through ZnO nanoparticle doped nanoporous soliger fcore as sensing element. Hence,
employing exhaustive guided mode attenuation mashmathrough TiQ nanoparticle doped
nanoporous sol-gel fiber core as a sensing elem&xipected to give a very high sensitivity.
Even assuming the same, i.e., ~9 times sensitantyancement switching from evanescent
wave absorption scheme to guided mode attenuatioense, one can expect a sensitivity of
243.9mV/%RH! A future scope of reported work in thesis.

Finally, dynamic performance and the repeatabdhgracteristics of the optimized sensing

probe were investigated as detailed in Chaptertizde@ed time response is depicted in Fig.
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4.7. As can be observed from the figure, the nedatintensity (fiber sensor output) almost
instantly and smoothly changes during the forw&®RH to 90%RH) cycle of humidity
change. During reverse (90%RH to 5%RH) cycle offthenidity change it varies in a slower
rate compared to the forward cycle. An averagearesp time of 0.01 second was observed
for humidification whereas an average response thn@.06 second for the desiccation.
Ideally, the response time of the sensor shoulde hasen identical irrespective of the

humidification or desiccation processes. A posgibéson could be the fact that we could
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Figure 4.7: Time response behavior and the repeatability test for the optimized fiber optic

humidity sensor against cyclic humidity perturbations.

not make a step-down variation during the reveysteof the humidity change. In any case,
the observed response times of the fiber sensotthrforward as well as the reverse

humidity cycles were much lower than the respomsed of the commercial sensor.
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This establishes the fact that the developed fesisor is much faster than the commercial
sensor. Result in Fig. 4.7 also establishes treatd#veloped sensor is highly reversible and
repeatable. Furthermore, a maximum fiber outputatian is once again observed to be of
the order of 10 only during the repeatability and reversibilitystever an interval of few

days. This shows a great reliability and repeatsiof the developed sensor.

4.4 Conclusion

This chapter described the development of optidedrfRH sensor using different sensing
agent, TiQ nanoparticle, and employing evanescent wave iitfen®dulation scheme. In-
house developed TiOnanoparticles of controlled particle size were ibiized into a
nanostructured sol-gel matrix of appropriate theds)that was deposited onto a centrally
decladded plastic-clad silica optical fiber. A camigensive experimental investigation is
carried out in order to optimize the sensor pertoroe by suitably controlling various
potential experimental/sensor parameters of intéhas can influence the sensor’s response.
Best response for the sensor is observed againgptamum thickness and composition of
nanostructured sensing film corresponding to threettdip coating of 9%(v/v) nanoparticle
concentration in the sol respectively. A much inyaa sensitivity of 27.1mV/%RH is
observed along with the throughout-linear sensspaase over a dynamic range as wide as
24% to 95%RH with an average response time of 8d&bnd for humidification and 0.06

second for the desiccation.
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Chapter 5

Localized Surface Plasmon Resonance based U-
shaped Optical Fiber Humidity Sensor

5.1 Introduction

Last three chapters described the experimentasiigations for developing optical fiber RH
sensors based on intensity modulation scheme empgleyanescent wave absorption as well
as exhaustive attenuation of entire guided mode. il@stigate further optimization
possibilities and to make a comparative study, liped surface plasmon resonance (LSPR)
scheme is employed to develop an optical fiber RHser in the work reported in this
chapter. Localized surface plasmons are chargatgersillations, which occurs due to the
collective oscillations of free electron cloud iretal nanoparticles [49]. Localized surface
plasmon can be excited by light when the frequesfcthe incident light matches with the
oscillation frequency of the conduction electrond & called the resonance frequency. This
resonance frequency strongly depends on the refeacidex of the medium surrounding the
metal nanoparticles. Nanoparticles of noble mesalsh as gold and silver exhibit strong
absorption band in the UV-visible region due to ESFhe absorption peak shows a red-shift
upon increasing the refractive index of the medsumrounding the nanoparticles [49-50].
This property is used in the present work for depilg LSPR based optical fiber RH sensor.
A metal nanoparticle as well as metal-dielectrimoparticles film onto the bare core of
optical fiber is deposited. A U-shape probe geometither than the straight and uniform
geometry, was used to ease out the realizatioranbparticle film on the fiber surface for

76
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sensor development. A linear dynamic range of 64BP4s observed with a sensitivity of
0.0213nm/%RH for gold nanoparticle assisted LSP#alpfiber sensor; whereas for metal-
dielectric nanoparticles (gold-THD assisted LSPR optical fiber RH sensor, the linear
dynamic range is observed to be 12-80%RH with asigeity of 0.0177nm/%RH. For
(silver-TiO,) nanoparticles assisted LSPR optical fiber RH serthe linear dynamic range

is observed to be 29-95%RH with sensitivity of A.Pdm/%RH.

5.2 Principle

5.2.1 L ocalized surface plasmon resonance in metal nanoparticles

The schematic representation of plasmon oscillattormetal nanoparticles is shown in
Fig.5.1. The electric field of the incoming lightawe induces a polarization of the (free)
conduction electrons with respect to the much lezaenic core of a spherical nanoparticle
[49,111]. The positive charges in the particle assumed to be immobile and the negative
charges, i.e., the conduction electrons, move utideinfluence of external fields. Therefore,
a displacement of the negative charges from thétiy®ones occurs when the metallic
nanoparticle is placed in an electric field, i#ere results a net charge difference at the
nanoparticle boundaries. This, in turn, gives tisa linear restoring force to the system. As a
consequence, plasmon oscillates locally arounchém®particle, with a frequency termed as
localized surface plasmon resonance. The reson@aegeency is the characteristic of the
metal of which, the nanopatrticle is made of. LSBRadnsitive to the changes in the dielectric

local environment of nanopatrticle [50]. The extiontof a metal nanopatrticle is given as [50]
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Electric field

Metal sphere

\

Electron cloud

Figure 5.1: Schematic diagram of plasmon oscillation in metal nanoparticles [49].

_ 241R¢,” (1, R)
A (e R+2e J +&(AR)

(5.1)

wherel is the wavelength of the incident ligiR,is the radius of metal nanoparticlkeand&
are the real and imaginary parts of the metal narigbe dielectric functions, respectively
and & is the dielectric constant of the medium surroogdnanoparticleE (1) will be
maximum wher, =-2¢,. This occurs at a particular wavelength calledomesce
wavelength. The dependence of resonance wavelengtéfractive index of the surrounding
medium has been used in LSPR based optical asaweiptical fiber sensor [51-53]. In an
optical fiber LSPR sensor, decladded portion offiler is coated by metal nanoparticle film.

The evanescent field of the guided ray interactth wnetal nanoparticles, resulting in

wavelength dependent absorption.
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5.3 Experimental

5.3.1 Preparation of U-shaped probe

PCS fiber having same specifications used in Clhapteas used to develop the sensing
probe. The total length of the fiber used was amodf cm. Fiber ends were prepared
properly to get optically-flat end faces perpenticuo the axis of the fiber which provides
the efficient coupling of light from source to fibend fiber to the detector. About 5 cm of the
cladding was carefully removed from the centraltipor of the fiber. After that it was
sonicated in soap solution (Merk) and then in dezied water. Finally, it was cleaned with
acetone. Realization of nanoparticle film onto right probe is quite challenging. Hence,
the decladded portion of the fiber was carefullytbmto a U-shape by exposing it to a
propane flame. In addition, bending of sensing proéiuses decrease in angle of incidence of
the propagating ray in the sensing region [103]s Tasults in an increase of the penetration
depth of the evanescent field, and hence increthgesensitivity of the LSPR sensor. The
experiments were performed only on the probes Igauimform core diameter in entire U-

shape region and the bend close to U-shape.

5.3.2 Preparation of gold nanoparticles coated sensing probe

To make the sensing probe, first colloidal gold oparticleswere synthesized. For this,
1 mM Tetrachloroauric acid (AuH@land 38.8 mM Sodium citrate (M@HsO;) solution
were prepared [112]. 22 mL of AuHQGNas pored into a conical flask and it was allowed
boil. To this boiling solution 2 mL of N&Hs0; was added and the boiling was continued
for about 10 min. Sodium citrate reduces Au ionsnemoparticles of Au metal. The
formation of gold nanoparticles can be observedhftbe colour change of solution since

small gold nanoparticles are red. The U-shapedonegi the sensing probe was kept in
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chromic acid for 12 hours. After that it was sotechin de-ionized water. Then the probe
was dried in the oven for 30 min at 200 Next, the U-shaped probe was dipped in 5% (v/v)
ethanol solution of 3-amino-propyltrimethoxysilagfPTMS) for 3 hours. This was done to
obtain amine-functionalized glass surface for th@cament of gold nanoparticles in aqueous
media [113]. After soaking in APTMS solution, thensing probe was rinsed with ethanol
and dried in the oven for 1 hour at 200 The U-shaped probe coated by APTMS was then
dipped in gold nanoparticle solution for 2 hoursréalize nanoparticle film on the fiber
surface. The probe was then removed from gold remtioje solution and rinsed with de-
ionized water. Finally it was dried in the oven B(n at 106C. SEM image of the gold

nanoparticles coated fiber surface is shown in 5ig.

In the next step, the gold nanoparticle film coapdbe was further coated by O
nanoparticles immobilized sol-gel film. For thigl solution containing Ti® nanoparticles

having same composition of optimized probe as tepdn Chapter-4 was prepared. Metal

Figure 5.2: SEM image of gold nanoparticles coated fiber surface.

TH-1092_0661201



Chapter 5: Localized Surface Plasmon Resonance based U-shaped Optical Fiber Humidity Sensor 81

nanoparticle layer coated U-shaped probe was digted with TiQ nanoparticles
immobilized sol-gel film. The developed sensingljgavas dried at 160°C in order to remove

ethanol and water, from the pores of the sol-del.fi

5.3.2 Preparation of silver nanoparticles coated sensing probe

The U-shaped region of the sensing probe was kegitriomic acid for 12 hours. After that it
was sonicated in de-ionized water. Then the proa avied in the oven for 30 min at £00
Silver nanoparticle film was realized onto the filsere through silver mirror reaction. This

was done by the reduction of Tollen’s reagent witicose through following reactions:

2 AgNQO; + 2 NaOH- Ag.O + 2 NaNQ + H,O

Ag,0 + 4 NH; + 2 NaNQ + H,0 — 2 [Ag(NHs);] NOs + 2 NaOH

where [Ag(NH)5]" is called the Tollen’s reagent. The reduction ofl@fdés reagent with
glucose (RCHO) takes as follows

RCHO + 2 [Ag(NH),]* + 20H - RCOOH + 2Ag + 4NH + H,0

Tollen’s reagent was prepared by first mixing 60qillM NaOH with 6mL of silver nitrate
solution (50mM) to form a dark-brown solution [114mmonia solution was added to this
mixture drop by drop to form a transparent solutibhe Tollen’s reagent was kept in an ice
bath for 15 minutes so that the temperature oftiemilcomes down to nearly’©. After that,
U-shaped region of the fiber was dipped in Tolleréagent. The fiber was placed in the
Tollen’s reagent in such a way that it was neagyidistant from the walls of the beaker. To
this, 1.5 mL of 0.5M glucose solution was addeddmops under careful stirring. The

reduction of Tollen’'s reagent with glucose is teggd by thermal energy. Since the
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temperature of the solution was low it was posstblanix glucose with Tollen’s reagent
uniformly before the chemical reaction started.alyn temperature of the hot plate (of
magnetic stirrer) was raised to°®0to start the chemical reaction at a constantaatethe

process was continued for 15 min. This has ledhéodeposition of silver nanoparticle film
onto the fiber core. SEM image of the silver nambglas coated fiber surface is shown in
Fig. 5.3. Next, the sensing probe is further codediO, nanoparticles immobilized sol-gel
film as it was done for pervious probe. This adudhéil layer protects silver nanoparticle film

from direct exposure of water molecules.

EHT = 10.00 kv Mag= 1200KX wD= 16mm Signal A = SE1

Figure 5.3: SEM image of silver nanoparticles coated fiber surface.

5.3.3 Sensing probe characterization

For proper characterization of the LSPR humiditpsegg probe, it was fixed inside the

humidity chamber in such a way that the U-shapgtrewas in the middle of the chamber.
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The schematic diagram of experimental setup fos@echaracterization is shown in Fig.5.4.
Light from a Broad Band Source (Mikropack HL-2008$A) was coupled to one end of the
sensing probe and the other end was coupled te@remeter (Ocean Optics-HR4000). In
order to identify the actual fiber sensor outpua giarticular humidity, we had slowly varied
the humidity inside the chamber in steps by keepgstant value of humidity for sufficient
time. Fiber sensor output spectra correspondirdjfterent vales of humidity were recorded

using the spectrometer.

Humid air ——>

w

Humidity probe

— U-shaped SPR

Fiber Sensor

HR 4000

————> (Gas outlet

Humidity chamber

Figure 5.4: Schematic diagram of experimental setup for optical fiber humidity sensor

characterization.

5.4 Results and Discussion

The sensor is based on localized surface plasnsmmaace in metal nanoparticles. Here the

evanescent wave associated with the guided modetheoffiber excites plasmons in
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nanoparticles. This leads the reduction of theggneorresponding to resonance wavelength,
in the transmitted (output) light. The slight chang the sensing region is mapped with a
corresponding change in the resonance conditions The shift in the resonance condition
depicts the change in the surrounding humiditythinfirst step, sensing probe with only gold
nanoparticle film was characterized. To carry dwg experiment and to study the sensor
response, optical fiber sensor was coupled to BiBmaad Source with one arm and to the
spectrometer with the other arm of U-shape. In oraédentify the actual fiber sensor output
at a particular humidity, humidity was varied steige and very slowly within the chamber
in order to retain the constant value for a goocbmgable time. Instantaneous value of
humidity in the chamber was monitored through tlmnmercial sensor and the data
acquisition card. This was done by recording thmmercial sensor’s output as a function of
time with a resolution of 1 second. Fiber sensdpuaiuspectra corresponding to different

values of applied humidity were recorded usinggbectrometer during the stabilized portion
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Figure 5.5: Experimentally observed resonance spectra of gold nanoparticle assisted LSPR

based humidity sensor corresponding to two different humidity values (6 and

90%RH).
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(on the time scale) of the response characterisfitke commercial sensors. Fig.5.5 shows
the experimentally observed resonance spectrak(lolawe) corresponding to a lower value
of humidity (6%RH) and higher value of humidity @@&H) for sensing probe with gold

nanoparticle film. These spectra were further dittey Lorentz function (red curve), as
described in [115], to identify the peak absorptimavelength. The peak absorption
wavelength corresponding to a particular value amidity was taken as the central
wavelength of Lorentz function fitting to its spech. Extracted peak absorption

wavelengths corresponding to the applied humidejues were then plotted against the

humidity values.
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Figure 5.6: Experimentally observed sensor response of gold nanoparticle film coated LSPR

humidity sensor.

The observed sensor response is depicted in FBg.AS. can be observed from the figure,
peak absorption wavelength shifts towards higherelegth upon increasing the humidity.

This is due to the fact that LSPR resonance camdis strongly depends on the refractive
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index of the medium surrounding the metal nanogadi The increase in humidity causes
the increase in effective R.l. of the medium sunaing the nanoparticle film due to the
presence of more water molecules. This resultsotheerved red shift of peak absorption
wavelength. Importantly, a linear response over idewdynamic range of 6-90%RH is

observed with linear sensitivity of 0.0213nm/%RH tlois LSPR sensor.

In the next step, metal nanoparticle layer coatedsieag probe was further coated by
dielectric (TiQ) nanoparticle immobilized sol-gel thin film havirggme composition of

optimized probe in Chapter 4. The reason for aoll#i dielectric coating was an expected
better stability of metal nanopariticle film ontbet bare fiber core and to expectedly and
possibly have better environmental changes throaigilyte molecules entrapped within
nanoporous thin sol-gel glass matrix. Experimeptabbserved resonance spectra
corresponding to a lower value of humidity (12%Ridyl higher value of humidity (80%RH)

are shown in Fig.5.7. As was observed for pure galtbparticle film based sensor, here also

78 A
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Figure 5.7: Experimentally observed resonance spectra of gold-dielectric (TiOy)
nanoparticle assisted LSPR based humidity sensor corresponding to two

different humidity values (12 and 80%RH).
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the resonance wavelength shows a red shift uparasmg humidity. This is due to the fact
that TiG, nanoparticles have high adsorption of water mdéscuAs a result, more water
molecule diffuse into the pores of the sol-gel filmon increasing humidity. This led to the
increase Iin effective R.I. of the medium surrougdine metal nanoparticles which results
observed red shift of peak absorption wavelengtig. 5.8 shows the experimentally

observed sensor response to different humidityrenments. Here also the resonance

Resoanace wavelength (nm)

0 10 20 30 40 50 60 70 80 90 100
%RH

Figure 5.8: Experimentally observed sensor response of gold-dielectric (TiO;) nanoparticles

assisted LSPR humidity sensor.

wavelength corresponding to a particular value amidity was taken as the central
wavelength of Lorentz function fitting to its spesh. As can be observed from the figure,
the introduction of reagent immobilized thin nanape sol-gel glass matrix in order to
possibly entrap water molecules more effectivelythwa thought of having a better

environmental change did not work that way; thedindynamic range of the sensor is from
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12 to 80%RH and sensitivity got reduced to 0.017%6RH (lowered by a factor of 1.2) as
compared to the 6 to 90%RH dynamic range and Orfi21%@RH sensitivity for a pure gold
nanoparticle assisted LSPR sensor. Thus, the iocaipn of dielectric nanopatrticle film,

over gold nanoparticle film, degraded sensor parésice.

In the next step, silver-dielectric (T#Dnanoparticles assisted LSPR based RH sensor was
characterized. Fig. 5.9 shows the experimental§eoled resonance spectra corresponding to
a lower value of humidity (29%RH) and higher vabfehumidity (90%RH). As we observed

for previous probes here also resonance wavelesigtiws a red shift upon increasing

humidity.
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Figure 5.9: Experimentally observed resonance spectra of silver-dielectric (TiOy)
nanoparticles assisted LSPR based humidity sensor corresponding to two

different humidity values (29 and 90%RH).
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Figure 5.10: Experimentally observed sensor response of silver-dielectric (TiO,)

nanoparticles assisted LSPR based humidity sensor.

The experimentally observed sensor response isrshofig. 5.10. As can be observed from
the figure, the sensor responds linearly over adya range of 29-95%RH with a sensitivity
of 0.0412nm/%RH. The observed linear dynamic raisgslightly lower than the sensor
based on gold nanoparticle film. Nevertheless,sesitivity is 1.92 times higher than the

sensitivity observed for gold nanopatrticle assi®étoptical fiber sensor.

Next, response characteristics of the developedossrare compared with the other RH
sensors reported in the literature employing wanggle interrogation schemes. Table 5.1 lists
the response characteristics of these sensorsofoparison. As can be observed from the

table, over all highest sensitivity is reportedhnside-polished sensing element. However, its
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Table5.1: Response comparison of the developed sensorottidr reported sensors.

. Linear dynamic Sensitivity

Authors Sensing element range (%RH) ("M/%RH)
Herrero et al. [75] Side polished SMF 0-15 0.5
Liu et al. [91] LPG 38.9-100 0.2
Yeo et al. [96] FBG 23-97 0.0056
Gold nanoparticle film -
based devel oped) U-shape PCS fiber 6-90 0.0213
Gold/dielectric_ _
nanoparticles film based | U-shape PCS fiber 12-80 0.0177
(devel oped)
Silver/dielectric _
nanoparticles film based | U-shape PCS fiber 29-95 0.041
(devel oped)

linear dynamic range is limited to 0-15%RH only.G.®ased sensor [91] has better linear
dynamic range compared to [75]. Over all largastdr dynamic is reported in FBG based
RH sensor [96]. In comparison, linear dynamic ranfeold nanoparticle assisted LSPR
based sensor is observed to be better than all &kk sensors employing wavelength
interrogation scheme (Table 5.1). Sensitivity ofstiprobe is improved by factor 3.8
compared to [96]. For sensor based on silver natioleafilm, the observed linear dynamic
range is slightly lower than the largest reportedhe literature. However, its sensitivity is
7.32 times higher than the one reported in [96]adidition, developed sensor is cheaper,
easily fabricate-able and employs much simple asd tostly source/detector as compared to
other reported sensors.

Finally, repeatability and reliability tests werarged out to rigorously analyze the sensor
performance. For this, experiments were repeateoh atterval of 4 days. A total of 3 such
repeat experiments on three different days wenmechout in a span of 11 days. LSPR based

fiber sensor response for three different appliedhidity values (40, 80 and 90%RH) were
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analyzed. Response curve towards the applied htywigire observed to be almost constant

over a span of 11 days. This shows a good religlaiid repeatability of the reported sensor.

5.5 Conclusion

This chapter described the development of optitarfRH sensor based LSPR scheme. The

sensor was developed by realizing metal nanopartith as well as metal-dielectric
nanoparticle films onto the bare core (U-shapedorggof PCS fiber. A comparative
experimental study is carried out with nanopartfdha of gold and silver. From the analysis
of experimental data, it is observed that fordgb&l nanoparticle assisted LSPR based optical
fiber sensor, the linear dynamic range is obsergede 6-90%RH with sensitivity of
0.0213nm/%RH. For silver-dielectric nanopatrticlsisted LSPR based optical fiber sensor,
the observed linear dynamic (29-95%RH) is lowemthiae gold nanoparticle film based
sensor. However, its sensitivity is observed td 192 times higher than the gold nanoparticle
assisted LSPR based optical fiber sensor. As thsirsg principle is based on wavelength
interrogation scheme, developed sensor is free tr@rintensity fluctuation of light source.
In addition, developed sensor is simpler compamdother optical fiber RH sensors

employing wavelength interrogation scheme.
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Chapter 6

Conclusion of Thesis

In the present thesis, a comprehensive experimental study is carried out to achieve linear
response over awidest possible dynamic range with an optimum sensitivity through a simple
optical fiber sensor configuration. Three schemes, namely, evanescent-wave (EW)
absorption, in a straight and uniform PCS multimode fiber, employing ZnO as well as TiO,
nanoparticles immobilized nanostructured sol-gel sensing fiber cladding, direct and
exhaustive attenuation of guided mode through a ZnO nanoparticles immobilized
microstructured nanoporous sol-gel fiber core, and localized surface plasmon resonance
(LSPR) employing in-house scaled metal (gold) as well as metal-dielectric (silver-TiOy)
nanoparticles have been used. Response of all the proposed sensors was optimized against all
possible influential compositional parameters such as chemical composition, reaction
parameters, thickness etc. Response characteristics of the proposed sensors were compared
with the commercial sensor used for the experiment and other optical fiber RH sensors
reported in the literature. A maximum linear dynamic range of 4-96%RH is observed for the
sensor employing evanescent wave absorption scheme with ZnO nanoparticles immobilized
sol-gel silica sensing fiber cladding. The observed linear dynamic range is larger than the
highest (11-98%RH, based on FBG) reported in the literature. Thus, a widest possible linear
dynamic range is achieved, nevertheless, the sensitivity needed to be further increased. In
order to realize this objective, a sensing configuration allowing exhaustive attenuation of

entire guided mode was employed using ZnO nanoparticles (that corresponds to the widest

91A
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linear dynamic range) immobilized sol-gel microstructured fiber. Almost identical linear
dynamic range (5-95%RH) is observed with a manifold (~9 times) increase in the sensitivity
as compared to ZnO nanoparticle employed EW fiber sensor and over 3.5 times increase in
the sensitivity as compared to the sensor with largest linear dynamic range reported in the
literature. The maximum linear dynamic range decreased to 24-95%RH when the ZnO
nanoparticles in sol-gel sensing cladding were replaced with TiO, nanoparticles.
Nevertheless, the optimized sensitivity improved much in comparison with ZnO
nanoparticles immobilized sol-gel sensing cladding RH sensor. The observed linear dynamic
range of TiO, nanoparticle based sensor is dightly lower than the largest reported in the
literature; however, its sensitivity is ~102 times higher as compared to the sensor with largest
linear dynamic range reported in the literature. It is worth mentioning that performance of the
sensor can be further improved by synthesizing the same nanostructured sensing film on a U-
shaped geometry of a pre-researched optimized bending radius made of the same optical fiber
or employing exhaustive guided mode attenuation mechanism through TiO, nanoparticle
doped nanoporous sol-gel fiber core. In the last sensing scheme (metal as well as metal-
dielectric nanoparticles assisted LSPR), a linear dynamic range of 6-90%RH is observed for
sensing probe with gold nanoparticle film. The observed linear dynamic range is better than
the highest reported (23-97%RH, based on FBG) in the literature employing wavelength
interrogation scheme. Importantly, sensitivity of this probe is 3.8 times higher as compared to
the sensor with highest linear dynamic range. For sensor based on silver-TiO, nanoparticle
film, the linear dynamic range decreased to 29-95%RH; nevertheless, sensitivity isimproved
~2 times compared to the sensing probe with gold nanoparticle film. The response
characteristics of al developed sensors are observed to be very fast, reversible, and

repeatable. Hence, the developed sensors are of great practical importance and use.
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