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Interférometre Fabry-Perot basé sur des
pointes polymeres microstructurées en bout

de fibre optique pour la détection chimique

Résumé

Les interférometres Fabry-Perot (FPI) ont recu un grand intérét pour leur utilisation en tant
que capteurs. Les FPI sont constitués d'une cavité optique avec des surfaces paralléles qui
réfléchissent la lumiére incidente, produisant un signal interférométrique optique. Ce signal
dépend de la distance entre les surfaces réfléchissantes et de I'indice de réfraction de la cavité,
qui sont sensibles aux variations d’humidité, de température, de pression et du matériau. Les
FPI peuvent étre attachés a des fibres optiques, qui fonctionnent comme un guide d'ondes
pour le signal incident et le signal réfléchi, et former ainsi des capteurs compacts. Cette these
présente des capteurs chimiques a base de FPI incorporant une micropointe en polymere
structurée a lI'extrémité d'une fibre optique, étudiés pour la détection d'humidité, d'eau et de

cibles chimiques.

Tout d'abord, nous développons une pointe de poly triacrylate de pentaérythritol
(p(PETA)) sur la facette d'une fibre optique par photopolymérisation autoguidée. Une
extrémité de la fibre est placée dans une goutte de PETA et la photopolymérisation est activée
par un laser de 375 nm injecté a l'autre extrémité de la fibre. Les conditions optimales pour
former une pointe p(PETA) mécaniquement stable sont 1uW de puissance laser x 1s de temps
d'exposition. Cependant, les chaines PETA ne sont pas compléetement polymérisées lors de
cette étape, ce qui entraine une fréquence de résonance instable de la pointe. La pointe doit
donc étre post-polymérisée sous une lampe UV de 365nm pour obtenir une caractéristique

dynamique stable, avant leur application en tant que capteur.



Deuxiémement, nous démontrons que la pointe p(PETA) est un capteur efficace pour
détecter I'humidité. Elle fonctionne comme une cavité optique formée entre le coeur de la
fibre/p(PETA) et l'interface p(PETA)/environnement, ce qui permet d'obtenir un signal
interférométrique clair. Le signal FPI de la pointe est tres sensible a I'humidité de I'air grace
aux groupes hydroxyles du PETA, qui absorbent les molécules d'eau dans l'air humide,
induisant un gonflement de la pointe. La longueur et/ou l'indice de réfraction sont donc
modifiés, ce qui entraine une variation du signal interférométrique. La pointe présente une
sensibilité constante de 90 pm/%RH, équivalent a une sensibilité relative de 104 ppm/%RH
pour une plage d'humidité de 30 a 80 %. La détection est hautement reproductible et stable.

En outre, I'effet de la température est négligeable, favorisant leur potentiel d’application.

Ensuite, nous appliquons les pointes p(PETA) basées sur le FPI pour déterminer la
teneur en eau de solutions de glycérol et d'éthylene glycol. Le signal FPI de la pointe p(PETA)
varie de maniére non linéaire lorsque la teneur en eau passe de 0 a 100% en poids. La variation
du signal FPI est due a la contraction de la pointe, qui est liée a la perte d'eau a l'intérieur de
la structure PETA. Lorsque la contamination par |'eau est inférieure a 10%, la pointe présente
une sensibilité linéaire de 394 pm/wt.% et 226 pm/wt.% pour les solutions de glycérol et
d'éthyléne glycol, respectivement. Ainsi, la pointe p(PETA) basée sur le FPI présente un grand
potentiel pour la détermination de la teneur en eau de solutions aqueuses, y compris les

hydrocarbures.

Enfin, une pointe constituée d'un coeur p(PETA) et d'une enveloppe de polyméres a
empreintes moléculaires (MIP) a été mise au point pour détecter la Dansyl-L-phénylalanine.
La pointe p(PETA) est initialement fabriquée en utilisant la polymérisation autoguidée et les
MIP sont ensuite copolymérisés pour former une fine couche d'enveloppe autour de la pointe
p(PETA). Lors de la détection sélective de la Dansyl-L-phénylalanine, I'indice de réfraction de
la couche de MIP change, ce qui entraine une modification du signal FPI de I'ensemble de la
pointe p(PETA)/MIP. Cette méthode simple offre de nouvelles possibilités pour créer des
capteurs a fibre optique MIP a base de FPI applicables a une large gamme d'analytes, qu’ils

soient fluorescents ou non.

Mots-clés : Interférométre Fabry-Perot, capteur fibré, point polymére, hygroscopie,

polymeére a empreinte moléculaire
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Fabry-Perot interferometer based on end-of-

fiber polymer microtip for chemical sensing

Abstract

Fabry-Perot interferometers (FPIs) have received a significant attention for their use in sensor
applications. FPIs consist of an optical cavity with separate parallel reflecting surfaces which
reflect incident light, resulting in an optical interferometric signal. The FPI signal depends on
the distance between the reflecting surfaces and the refractive index of the cavity medium,
which are sensitive to variation of environment humidity, temperature, pressure, and
material. FPIs can be attached to optical fibers to form compact fiber optic FPI-based sensors
in which the optical fiber works as a waveguide for both incident and reflected signal. This
thesis presents FPl-based chemical sensors incorporating a polymer microtip located at the
end of an optical fiber and characterizes their sensing capabilities for humidity, water, and

chemical targets.

Firstly, we develop a poly pentaerythritol triacrylate (p(PETA)) tip on the facet of an
optical fiber by a self-guiding photopolymerization. One end of the optical fiber is placed inside
a PETA droplet and the self-guiding photopolymerization of PETA is actuated by a 375 nm laser
injected to the other end of the fiber. The optimal conditions to form a straight and
mechanically stable p(PETA) tip are 1.0 uW of laser power x 1.0 second of exposure time.
However, the PETA chains do not completely polymerize during this self-polymerization,
leading to an unstable dynamic resonant frequency of the tip. Thus, the tip needs a post-
polymerization under a UV 365 nm lamp to achieve a stable dynamic characteristic, which is

applicable for further sensing applications.

Secondly, we demonstrate the p(PETA) tip as an effective sensor to detect humidity.

The PETA tip acts as an optical cavity formed between the fiber-core/p(PETA) and the

11



p(PETA)/environment interface, resulting in a clear interferometric signal. The FPI signal of the
tip is highly sensitive to humidity in the air. This is due to hydroxyl groups within the PETA
structure, which strongly absorb water molecules in the humid air and significantly swell the
tip. The length and/or the refractive index of the tip are therefore changed, resulting in a FPI
shift. The tip exhibits a consistent sensitivity of 90pm/%RH, equivalent to a relative sensitivity
of 104 ppm/%RH in the humidity range from 30 to 80%. The sensing performance is highly
reproducible and stable. Furthermore, the cross effect of the temperature is negligible,

indicating a great practical potential for the devices.

Next, we apply the FPI-based p(PETA) tips to determine the water content in glycerol
and ethylene glycol solutions. The FPI signal of the p(PETA) tip shifts nonlinearly towards
longer wavelengths as the water content increases from 0 to 100 wt.%. The shift in the FPI
signal occurs due to the contraction in the tip length, which is linked to the loss of water inside
the PETA structure caused by the hygroscopic solutions. When the water contamination is
below 10 wt.%, the tip shows a linear sensitivity of 394 pm/wt.% and 226 pm/wt.% for glycerol
and ethylene glycol solutions, respectively. Therefore, the FPI-based p(PETA) tip shows a great
potential in determining water content in hydrophilic aqueous solutions, including

hydrocarbons.

Finally, a tip consisting of a p(PETA) core and a shell of molecularly imprinted polymers
(MIPs) is developed for detecting Dansyl-L-phenylalanine. The p(PETA) tip is initially fabricated
using the self-guiding polymerization and MIPs are then copolymerized to form a thin shell
layer around the p(PETA) tip. Upon the selective binding of Dansyl-L-phenylalanine, the
refractive index of the MIP layer changes, leading to the change in the FPI signal of the whole
p(PETA)/MIP tip. This straightforward and affordable method offers new innovative
possibilities for creating FPI-based MIP fiber optic sensors, which can be applied for a wide

range of analytes, including both non-fluorescent and fluorescent targets.

Keywords: Fabry-Perot interferometer, optical fiber sensor, polymer tip, water content,

molecularly imprinted polymer
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Chapter 1

Introduction

Abstract. This chapter begins with an introductory description of the Fabry-Perot
interferometer (FPI) which can be potentially used as sensor device. It then describes common
designs of fiber optic based FPI sensors including extrinsic and intrinsic configurations. Next,
possible applications of fiber optic based FPI sensors for detecting various physical and
chemical parameters including temperature, strain, pressure, humidity, refractive index, and
chemical targets are reviewed. Finally, the chapter closes with a description of the motivation

and an outline of the thesis.

1.1. Fabry-Perot interferometer

A Fabry-Perot interferometer (FPI) is an optical device that consists of two parallel optical
reflectors with reflection coefficients R; and R,. These reflectors are separated by a cavity
with the refractive index n, and the length L (as shown in Figure 1.1(a)). When an incident light
with an electric field E, propagates through the FPI, a portion of the light is reflected at the
first reflector, denoted as E,.;. The other part of the light propagates through the cavity and
then reflects at the second reflector, denoted as E',,. The reflected light E',, propagates
through the cavity. A portion of it transmits through the first reflector, denoted as E,,. The
E,, interferes with the first reflected light E,;. The remaining portion of E',, reflects at the
first reflector and continues to propagate towards the second reflector. This process is
repeated continuously, resulting in a multiple-beam interference signal of E,, E;», Ey3,..., as
demonstrated in Figure 1.1(a) [1]. If the reflectors have low reflection coefficients, for example
in the case of two interfaces between media with a small refractive index mismatch, the
reflected beams E,3, E,,, etc., are insignificant as compared to E,, [1]. One can therefore
ignore the multiple reflections and only consider a model of two-beam interference, as shown

in Figure 1.1(b).
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(a) (b) Interface 1 Interface 2
Ln n, L,n n,<n
EO e » T T R e T T T R T T >
i E, J1—y. By
» »
-_Ei Ifn,<n  Ey.e™. R
Eiq_ &S t2 1 0 1 E
e ~ « JI=Ry.Ey.e"ihL
2 e S R G »>
E,p B - E” Ifn;>n L Ey. R,
s N . ooz i
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Figure 1. 1. (a) A general schematic demonstration of a Fabry-Perot cavity. (b) Electric field
amplitudes of the incident, transmitted, and reflected light of two-beam interference FPI formed

between two parallel interfaces.

We consider the simplest case when the incident light E, is perpendicular to the
interfaces and the cavity between the interfaces is a lossless medium. The reflection

coefficients at these two interfaces R; and R, can be determined as follows:

(g — n)?

R, = ] (1.1)
_ (np— n)?

2= ey 2

where n,, n and n, are the refractive indices of the medium 1, the cavity and the medium 2,

respectively. The first and second reflected electric field E,, E,» [2]-[4] are determined as:

E.q = tEo. Ry (1.3)
E, = (1—=Ry).Ey.e”?PL /R, (1.4)

where 8 = znTn is the propagation constant within the cavity. The expression (1.3) has the

positive sign if n; > n and the negative sign (-) if n; < n. These two beams interfere with each

other and result in an interference signal as follows:

E, = +Ey./Ry + (1 = Ry).E,.e2FL /R, (1.5)

The normalized intensity Rpp of the interferometric pattern is then determined as follows:
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Eq? 4mtnl
E—r = R, +(1—Ry)? R, +2./R{R,(1 — R;)cos( 7
0

) (1.6)

Repp =

It is seen that the FPI signal depends on the phase difference (?) between the two

reflected beams which is determined by the length and the refractive index of the cavity
medium. These characteristics of the cavity may be sensitive to variations of environmental
conditions such as humidity, temperature, pressure, and material structure. As a result, the
interferometric signal of a FPI is also sensitive to the external environmental conditions,

making the FPI applicable as sensor devices [1].

1.2. Configuration of fiber optic FPI-based sensor

FPls are commonly attached to optical fibers to form compact fiber optic FPI-based sensors in
which the optical fiber works as a waveguide for both incident and reflected signal. These
sensors have a small size, exhibit high efficiency and electromagnetic immunity, which make
them highly practical for detecting various physical, chemical and biological parameters. FPI-
based fiber sensors can be classified into two main types: intrinsic and extrinsic (Figure 1.2). If
the optical cavity is located inside the fiber, it is identified as an intrinsic FPI sensor.

Alternatively, if the cavity is situated externally to the fiber, it is an extrinsic FPI sensor [1], [5].
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Figure 1. 2. (a) Schematic demonstration of an intrinsic FPI sensor formed by two reflecting
components (R1 and R2) within an optical fiber. (b) Schematic demonstration of an extrinsic FPI

sensor made by an air cavity located outside the optical fiber. This figure is adapted from Ref [5].
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1.2.1. Intrinsic fiber optic FPI-based sensors

Many techniques for creating the local cavity of the intrinsic FPI sensor have been reported in
the literature. One such method involves the splicing of different optical fibers with a core
refractive-index mismatch [6], [7]. In this method, one fiber is considered as a cavity with the
reflected surfaces being the interfaces between the two fibers. Another technique entails
forming a micro-notch in a fiber by using femtosecond lasers [8]—[10] (Figure 1.3). In addition,
chemical etching can also be used to create an air hole in the fiber before the splicing of the
two etched fibers to create an intrinsic FPI sensor [11], [12]. While these sensors have been
demonstrated to sensitively detect various parameters including temperature, refractive
index and strain, they have drawbacks including the requirement for expensive equipment,

specialized skills and dangerous chemical reagents.

@ CcCD (b)
i A spatial ¢
i light filter == - -

Femtosecond : = " I::;}:‘gj‘c
laser : f ( l l : r
E Objective _h_=—¢u=—d..d
H lens CUEERY
: \ 4 (€ 405
: an r
| : 14 fiber 2-41.5FT
it S
: B -a2f
_____________ C i B g
5 e & -42.5 |
wree-axis s
translation 43
stage LED
43.5
1520 1530 1540 1550 1560 1570

Wavelength A/nm

Figure 1. 3. (a) Schematic diagram of the femtosecond laser system to create a micro-notch in an
optical fiber. (b) Optical photograph and (c) reflective spectrum of the FPI| based on an 80-um long

micro notch in a single mode fiber. This figure is adapted from Ref [8].

1.2.2. Extrinsic fiber optic FPI-based sensors

An alternative to intrinsic FPI-based optical sensors are extrinsic FPI sensors, consisting of an

air or polymer cavity formed externally of the fiber. For instance, Kim et al. [13] used a silica
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capillary tube to bond two fibers that are separated by an air gap with epoxy. Meanwhile,
Duan et al. [14] created an air cavity by splicing a short section of a SMF between two other
sections of SMFs (referred to as input and reflection fibers) with a large lateral offset (Figure
1.4). The gap between the input fiber and reflection fiber forms an open cavity which allows
gas or liquid to enter or exit easily, making it suitable for sensing the refractive index of the
surrounding medium. Another approach involves the coating of a thin layer of an
environmentally sensitive material, typically polymers, on the facet of an optical fiber [4], [15],
[16]. This produced a FPI signal between the fiber-facet/polymer interface and the
polymer/ambient interface. In this design, the thickness of the deposited polymer layer is
controlled manually and roughly by either using different aliquot solutions [15], or adjusting
the concentration of the precursor solutions [17], or by using fibers with different diameters
[16]. Although the aforementioned extrinsic FPI devices have been identified as useful
candidates for different applications such as temperature, humidity, and refractive index
sensing, they exhibit lower coupling efficiency as compared to the intrinsic FPI sensors.
Additionally, their fabrication requires expensive equipment and specialized skills for fiber

splicing, and exhibit a limit of reproducibility due to hard-control of processing steps.
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Figure 1. 4. (a) Schematic draw of the sensor system (top) and the detailed structure of the FPI
sensor head (bottom) formed by splicing different optical fibers. (b) FPI signal of the sensor with a

cavity geometry length of ~512 um. This figure is adapted from Ref [14].

An interesting, cost-effective, straightforward method to form extrinsic FPl is the self-
guiding photo-polymerization process, which enables a polymer micro-tip to form at the end

of an optical fiber [18], [19] (Figure 1.5). This method enables the rapid fabrication of a micro-
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tip of well-defined and well controlled geometry at the micro-scale. The polymer tip itself
forms an optical cavity that can function directly as a FPI with higher coupling efficiency as
compared to the other extrinsic FPI sensors. Moreover, the cavity length can be freely changed
as the environmental parameters change. The polymer tip at the end of the fiber is thus

promising for practical sensing applications.
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Figure 1. 5. (a) Experimental setup and photo of a FPl sensor based on a polymer tip at the end of an
optical fiber for Rl sensing, adapted from Ref [18]. (b) Different microtips at the end of optical fibers

for humidity sensing, adapted from Ref [19].

1.3. Application of fiber optic FPI-based sensors for physical parameters

Most of the current research in fiber optic FPI sensing has focused on measuring physical

parameters, such as temperature, strain and pressure.

1.3.1. Temperature measurement

Temperature detection is essential in both daily life and industrial applications. FPI-based
temperature sensors typical consist of a cavity which incorporates materials with a high
thermo-optic and/or thermal expansion coefficient. As a consequence, the length and/or
refractive index of the cavity is highly sensitive to temperature, resulting in a significant

alteration of the FPI signal when the temperature changes. The FPI signals of the reported
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sensors are commonly operated within the wavelength range of telecommunication. Rong et
al. [4] demonstrated a FPI temperature sensor that relies on a polyvinyl alcohol thin film
coated at the fiber end. The sensor possesses a temperature sensitivity of 173.5 pm/°C. Li et
al. [20] reported a FPI sensor fabricated via two-photon polymerization. The sensor comprises
a SU8 cavity containing liquid SU-8 and shows a sensitivity of up to 877 pm/°C in the range of
temperature 25 to 60 °C. One significant benefit of temperature sensors based on FPI is their
capacity to operate over a wide temperature range while exhibiting ultra-high sensitivity. For
instance, Li et al. [21] reported an interferometer comprising an air gap between the end-face
of a SMF and an ultrathin graphene film for temperature measurement up to 1008 °C with a
high sensitivity of 1.87 nm/°C. Zhu et al. [22] reported an in-fiber FPI sensor where the cavity
is formed by splicing a special photonic crystal fiber to a single mode fiber (Figure 1.6). This

sensor exhibits a high sensitivity of 17 nm/°C over the range from -20 to 1200 °C.
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Figure 1. 6. (a) Schematic draw of an in-fiber Fabry—Perot sensor made of splicing different fibers. (b)
Photograph of the fabricated sensor. (c) Change of the output spectrum and (d) Temperature
dependence of the optical path difference of a Fabry—Perot sensor with a cavity length of 575 um.

This figure is adapted from [22].
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1.3.2. Strain measurement

A wide range of FPI sensors have been developed for strain measurement. In general, when
the optical cavity of a FPI sensor is subjected to strain, the length of cavity changes, resulting
in a shift of FPI signal. By monitoring this shift, one can evaluate the strain applied to the
device. This principle makes fiber optic FPI strain sensors potential for Structural Health
Monitoring (SHM) applications. However, strain measurements are often affected by variation
of temperature due to the thermal expansion of the materials. To develop FPI strain sensors
which are insensitive to temperature variation, one usually employs air-cavity configurations

because of the small thermal expansion coefficient of the air [23].

Many techniques have been proposed to form FPI strain sensors comprising an air
cavity. Rao et al. [8] used a femtosecond laser to machine an air hole inside a fiber. The
obtained FPI sensor achieves a strain sensitivity of 6 pm/ue and exhibits low sensitive to
temperature variation. Another method involves the use of special fibers such as hollow-core
fiber photonic crystal fiber [24], hollow-core ring photonic crystal fiber (HCR PCF) [25]. For
example, Ferreira et al. [25] spliced a HCR PCR between two sections of SMF to constitute the

FPI sensor which exhibits a strain sensitivity of 15.4 pm/ue and low temperature sensitivity.

Liu et al. [23] proposed to splice two SMFs that had been previously coated with a
matching liquid from Cargille Labs. When arc discharge is applied to splice the SMFs, an air
bubble is created inside the splicing junction due to the evaporation of the coated liquid, see
Figure 1.7. The resulting sensor shows high strain sensitivity of 43.0 pm/ue and low

temperature sensitivity.
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Figure 1. 7. (a) Schematic diagrams of the fabrication process of an in-fiber FPI based on an air
bubble. (b) Microscope image of the created air bubble with a cavity length of 46 um and (c) FPI

signal of the sensor as a function of the applied strain. This figure is adapted from Ref [23].

An alternative technique for creating an in-fiber air cavity involves splicing a fiber
treated to contain an air hole with an untreated fiber. Yin et al. [26] used hydrofluoric acid to
etch a piece of multimode fiber (MMF), producing a hole in the MMF. Subsequently, the
etched MMF is spliced to SMF. During the splicing, the etched MMF moves to the SMF,
compressing the air in the hole. Consequently, the melted walls of the hole extend outward,
forming the bubble-expanded air-cavity. The sensor exhibits a strain sensitivity of 30.66
pm/ue. Recently, Zhou et al. [27] used a CO; laser dot machining technique to fabricate an air
bubble inside a fiber. The machined fiber is then spliced to unmachined fiber to create an all-
fiber pillar-in-bubble FPI, that shows a sensitivity of 56.69 pm/ue, which is the highest

sensitivity among reported FPI strain sensors, to the best of our knowledge.




Chapter 1

1.3.3. Pressure measurement

Pressure is a crucial physical parameter in industries such as aerospace, biomedicine,
environmental monitoring. Fiber optic FPI sensors have been also developed for measuring
pressure. The most common configuration of FPI pressure sensors involve a diaphragm
positioned close to a cleaved optical fiber to create a sealed cavity. The diaphragm may consist
of materials such as graphene, polyvinyl chloride, UV glue film, or air [28]-[31]. These cavities
can be easily deformed under an application of external pressure, leading to a significant
change in the interference signal. For instance, Zhang et al. [28] used a femtosecond laser to
drill a micro hole in a SMF and then spliced this fiber with another SMF to form a sealed air
cavity. This sensor displays a sensitivity of 2.8 x 10 nm/Pa and can operate at temperatures
up to 700 °C. Ma et al. [29] reported another fiber optic FPI sensor using an ultrathin graphene
film. These authors firstly spliced a SMF to a pure silica capillary with an identical outer
diameter to make an open cavity. They then sealed the open cavity by a thin film of graphene.
The cavity was found to decrease its length with the increase of the external pressure, causing
a shift in the FPI signal with a sensitivity of up to 39.4 nm/kPa. In another study, Zhang et al.
[30] reported a straightforward-fabricated FPI pressure sensor by welding multilayer polyvinyl
chloride diaphragm to the end of well-cut SMF, see Figure 1.8. This sensor exhibits a sensitivity
of 65.5 nm/MPa and is insensitive to temperature variation. Recently, Pan et al. [31] designed
a FPI pressure sensor based on a UV glue diaphragm. The authors coated a silica tube with a
thin layer of UV glue and then spliced it to a SMF to form an optical cavity. When the pressure
changes, the cavity length changes as a result of the deformation of the UV glue film, thus

leading to a pressure sensor with a sensitivity of 38.3 nm/MPa.
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Figure 1. 8. (a) Schematic visualization of an FPI sensor made of a polyvinyl chloride diaphragm
welded to the end of a fiber. (b) FPI signal of the proposed sensor with increasing gas pressure from 0

to 60 kPa. This figure is adapted from Ref [30].

Aside from the main sensing principle based on the change in the cavity length, FPI
pressure sensors can also function based on the change in the cavity refractive index. Chen at
al. [32] designed a FPI sensor consisting of an input SMF and two hollow-core fiber sections
with different core diameters (HCF1 and HCF2), see Figure 1.9. The SMF is coaxially spliced to
the HCF1 to form the air cavity within the HCF1. The HCF2, with an end coated with Au layer,
is spliced off-center to the HCF1. The hollow core of the HCF2 now works as an inlet for
introducing gas into the cavity within the HCF1. When the gas pressure changes, the refractive
index of the gas in the cavity also changes, causing a change in the FPI signal. The sensor

exhibits a pressure sensitivity of 4.314 nm/MPa.
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Figure 1. 9. (A) Schematic configuration and optical photograph of a FPI-HCF gas pressure sensor and
(B) its FPI signal at different gas pressures within 400 and 1000 kPa. This figure is adapted from Ref
[32].
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1.4. Application of fiber optic FPI-based sensors for chemical parameters

In addition to detect physical parameters, FPI-based sensors have demonstrated the capability
to detect a wide range of chemical parameters, such as relative humidity, refractive index of

solutions, and specific target analytes.

1.4.1. Humidity measurement

Humidity refers to the presence of water in gaseous form. In practice, one most frequently
uses the relative humidity (RH), which indicates the proportion of the actual vapor pressure
of air at a specific temperature to the saturation vapor pressure at the same temperature,
given as follows:

Ry
RH = — x 100%
Fvs

where P,, is the partial pressure of water vapor, and P, is the saturated water vapor pressure

at a given temperature.

Humidity measurement is crucially important for human comfort and technical fields
such as structural health monitoring applications, chemical processing, food storage, and
agriculture [33], [34]. Significant advancements have been made in fiber optic FPI-based
sensors for humidity detection and monitoring [15], [35]—[39]. FPI-based sensor for humidity
often requires an optical cavity being functionalized by a hygroscopic material. The main
working principle of FPI humidity sensors is that the material within the cavity absorbs water
molecules from a humid environment and subsequently becomes swelled. The size of the
cavity increases, resulting in a shift of the FPI fringes along the wavelength position. Santos et
al. [15] reported FPI humidity sensors with a Nafion film deposited on a facet of an optical
fiber. Lang et al. [39] presented a polymethyl methacrylate micro-rod grown on the facet of
an optical fiber. Chen et al. [35] reported the fabrication of a FPI humidity sensor by splicing a
hollow-core fiber (HCF) with a single mode fiber, then coating a chitosan film at the end of the
HCF, see Figure 1.10. This sensor exhibits a sensitivity of 0.13 nm/%RH for relative humidity

ranging from 20 to 95 %RH and a fast response time of 380 ms.
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Figure 1. 10. (A) Side view and cross-section view of a FPI sensor made of chitosan coated on the
facet of an optical fiber. (B) FPI wavelength shift of the sensor upon exposure to an environment of

various humidity. This figure is adapted from Ref [35].

1.4.2. Refractive index measurement

Refractive index is a critical parameter for optical waveguiding and photonic devices. It is also
important parameter in bio-chemical field because it directly relates to the concentration of
substances. Fiber optic FPIs have been commonly used as refractive index sensors because

their FPI signal is highly sensitive to the refractive index of the optical cavity.

Fiber optic FPI sensors for refractive index are typically constructed with an open air-
hole cavity in which liquids of different refractive indices can be introduced. The variation of
the refractive index of the cavity results in a change in the intensity and wavelength position
of the interferometric signal. Wei et al. [10] fabricated a FPI-based sensor with an open micro-
notch cavity in a single-mode fiber by using femtosecond laser micromachining. This sensor
can measure the dependence of refractive index of water on temperature in the temperature
range from 3 to 90 °C with a sensitivity up to 1163 nm/RIU. In another study, Rao et al. [7]
utilized air holes in endlessly photonic crystal fiber (EPCF) to measure refractive index. The
authors spliced one end of the EPCF to a section of SMF, while capping the other end with
another section of SMF. Liquids with varied refractive indices can then penetrate into the air
holes of the EPCF, resulting in a change in fringe visibility of the FPI signal. More recently,

Zhang et al. [40] machined a micro-hole in a single-mode fiber by laser, see Figure 1.11. When
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the micro-hole cavity is filled with various sucrose solutions of different refractive indices, the

FPI signal changes with a sensitivity of 1143.0 nm/RIU.
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Figure 1. 11. (a) Schematic diagram of a machined micro-hole in single-mode fiber and (b) its FPI

signal versus the refractive index of the liquid within the cavity. This figure is adapted from [40].

1.4.3. Desired target detection

Fiber optic FPI-based sensors are capable of detecting certain types of analytes by measuring
their refractive index. However, this approach is inappropriate for chemical and biological
sensing applications due to its low selectivity. Consequently, functional materials are normally
incorporated within the fiber optic FPI to address this issue [41]. To detect a desired target, it
is essential to select and synthesize suitable functional materials which can effectively and
selectively bind to the target molecules. This binding makes the FPI cavity to change in length
or refractive index, resulting in an FPI signal change. The detection of the target can be

therefore observed from the spectra signal of the FPI-based sensor.

Fiber optic FPI sensors have been widely used for the detection of glucose. The optical
cavity of the FPI sensor is incorporated with responsive materials which can form covalent
bonds with glucose. These materials can be phenylboronic acid derivatives [42], [43],

concanavalin A [44], and glucose oxidase [45]. Zhang et al. [43] developed a multilayer film
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consisting of poly(vinylalcohol) (PVA) and poly-(acrylamide-co-3(acrylamido)phenylboronic
acid) (P(AAm-AAPBA) on the facet of SMF, forming an FPI sensor (Figure 1.12). When the
sensor isimmersed in glucose solutions, the glucose binds to the free phenylboronic acid (PBA)
groups, converting them from hydrophobic to hydrophilic; or compete with PVA for the PBA
binding site. In both ways, the binding of glucose to the PBA groups makes the film swelled
significantly, resulting in a variation of the FPI signal. In another study, Li et al. [44] constructed
a FPI cavity using a hydrogel film composed of concanavalin A (Con A) and dextran (Dex). The
initial hydrogen film is actually a crosslinked 3D network of Con A binding with glucosyl residue
on Dex chains. Once this film is submerged in glucose solutions, glucose molecules compete
with glycosyl residues on Dex chains for binding to Con A, making the film swelled. Thus, based
on the FPI signal shift of the swelled film, the authors can detect glucose in the range of 0 to
70 mM. Wang et al. [45] reported a FPI sensor using a pH-sensitive hydrogel film comprising
of oxidized dextran (PO-Dex), chitosan, and glucose oxidase (GOD). In the presence of glucose,
GOD catalyzes the oxidation conversion of glucose to gluconic acid, which then lowers the
local pH of the film. The reduced pH further triggers the film to swell, leading to a shift in the
FPI signal. The sensor shows good selectivity and can detect glucose within the range of 0-20

mM.
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Figure 1. 12. (a) Experimental setup for the detection of glucose. (b) Schematic draw showing the
binding between glucose and PBA groups in the film. (c) Glucose-induced changes in optical path

length of the multilayer films. This figure is adapted from [43].

Fiber optic FPIs are also used for detecting antigens if the optical cavity is
functionalized with antibodies. The affinity binding between antigen and antibody triggers a
change in the length and/or refractive index of the FPI cavity, resulting in a change in the FPI
signal. Chen et al. [46] developed a FPI sensor to detect anti-immunoglobulin (anti-1gG), see
Figure 1.13. The authors first spliced a single mode fiber (SMF) with a hollow core fiber (HCF).
They then dip-coated a layer of chitosan onto the end-face of the HCF and subsequently
functionalized the chitosan surface with antibody bovine immunoglobulin-g I1gG. The binding
between immobilized IgG and anti-lgG makes the FPI cavity changes in length, allowing the
sensor to detect anti-IgG with a sensitivity of 0.033 um/(pg/mm?) and a limit of detection of
0.005 nM. In another study, Liu et al. [47] also reported a FPI sensor to detect a specific rabbit
IgG. They spliced a short section of hollow-core photonic crystal fiber in between two single
mode fibers (SMF) before immobilizing the SMF end surface with antibody molecules (goat
anti-rabbit 1IgG). Upon immersing the sensor in a rabbit IgG solution, the rabbit IgG specifically
binds to the immobilized anti-rabbit 1gG, increasing the sensing layer thickness and

consequently resulting in the FPI signal change.
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Figure 1. 13. Schematic diagram of the chitosan substrate based FPI for detecting anti-IgG. (b)
Change in cavity length as a function of anti-lIgG concentration, inset shows normalized length

response during binding of anti-IgG at various concentration. This figure is adapted from [46].

In another example, fiber optic FPIs combined with molecularly imprinted polymers
(MIP) have the ability to detect a desired chemical target. Molecularly imprinted polymers are
artificial polymeric receptors that can be synthesized by polymerizing functional and cross-
linking monomers in the presence of a molecular target or its derivative as a template [48].
The molecular template is then removed from the MIP structure, resulting in available empty
binding sites, see Figure 1.14 [48]. These sites can recognize and bind chemicals that are
complementary in shape, size, and functional groups to the previously removed template.
MIPs are chemically stable and easily integrated into industrial manufacturing. Moreover, they
can also be tailored to specific molecules of interest, making them comparable to natural
receptors. Thanks to these advantages, MIPs have found applications across various fields,
including drug delivery, cosmetics and catalysis. They are especially suitable for (bio)chemical

sensors with a high affinity and selectivity.
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Figure 1. 14. General principle of molecular imprinting. A molecular template (c) is mixed with

functional monomers (a) and a cross-linker (b) resulting in the formation of a self-assembled complex
(1). The polymerization of the resulting system produces a rigid structure (2). Subsequent removal of
the template liberates cavities (3) that can specifically recognize and bind the target molecule (4).

This figure is adapted from Ref [48].

One can take advantage of the binding ability of MIP with specific chemical targets to
build FPI chemical sensors. If the optical cavity of the FPI is functionalized by MIP, the
refractive index of the cavity is expected to be changed upon the binding of MIP with analyte
targets, resulting in a shift in the FPI signal. Indeed, Queirds et al. [49] reported a fiber optic
FPI chemical sensor using MIP for the detection of microcystin-LR, see Figure 1.15. In this
study, the authors formulated a membrane of MIP on the fiber facet by dip-coating the fiber
in a sol-gel MIP solution. This study demonstrates a potential fiber optic FPI-based MIP for the
sensitive and selective sensing of chemical analytes. The advantage of the FPI chemical sensors
is that they can be used for a wide range of analytes, including both non-fluorescent and

fluorescent targets.
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Figure 1. 15. (a) Scheme of the Fabry—Pérot cavity based on MIP sol-gel membrane on the facet of an
optical fiber. (b) Optical power and wavelength shift variation according to the concentration of

microcystin-LR using the FPI based MIP sol-gel membrane. This figure is adapted from [49].

1.5. Aims and outline of the thesis

Fiber optic FPI sensors with various designs have been developed in recent decades. They
exhibit a great potential for detecting different physical and chemical parameters. However,
available methods for making FPI-based sensors such as fiber splicing, direct laser writing, and
chemical etching are often complicated and requires specific skills and expensive equipment.
Hence, there is still a high demand for the creation of fiber optic FPI-based sensors featuring
a simpler design and a more affordable production method. In addition, the FPI sensor
reported in the literature is typically suitable for a single sensing application. It would be an
attractive research objective to develop an FPl-based sensor that can function effectively in
multiple sensing applications. Hence, this thesis aims to develop a simply structured fiber optic

FPl-based sensor which can effectively detect humidity, water, and chemical targets.

This thesis consists of six chapters. Apart from the first introductory chapter for
background of FPl and motivation of the thesis which is currently presented, the four research
chapters addressing different objectives and the final chapter for conclusion are organized as

follows:

Chapter 2 presents the development of a micro-length tip made of pentaerythritol

triacrylate (PETA) on the facet of an optical fiber by self-guiding photopolymerization. The
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formation of the tip is optimized in term of injected laser power and exposure time to achieve
a straight and mechanical stable tip. The polymerization extent of PETA chains is indirectly
characterized by dynamic resonant frequency measurement and subsequently improved by a

post-polymerization under a UV irradiation.

Chapter 3 demonstrates the application of the p(PETA) tip as an FPI-based sensor for
detecting humidity in the air. The p(PETA) tip acts as an optical cavity formed between the
fiber-core/PETA and the PETA/air interface, resulting in a clear interferometric signal. The FPI
signal of the tip is highly sensitive to humidity in the air. This performance is based on a strong
water absorption of OH- groups within the PETA structure, causing significant swelling of the
tip. The length and/or the refractive index of the tip are therefore changed, resulting in an FPI

shift.

Chapter 4 proposes a new and simple method of using the p(PETA) tip as an FPI-based
sensor for detecting water content in glycerol and ethylene glycol solutions. The working
principle of the sensor is based on the absorption and desorption of water molecules within
the PETA structure when the tip is in contact with water and hydroscopic solutions,
respectively. When the water is below 10 wt.% in the solution, the shift of the FPI signal is
linearly dependent on the water content. This makes the tip usable as a water sensor for

hygroscopic aqueous solutions, including hydrocarbons.

Chapter 5 presents the development of a tip comprising a core of p(PETA) and a shell
of molecularly imprinted polymers (MIPs) which can be used as an FPl-based sensor for
detecting Dansyl-L-phenylalanine. The p(PETA) tip is initially fabricated using the self-guiding
polymerization and a shell layer of MIP is subsequently formed around the p(PETA) tip. Upon
binding to Dansyl-L-phenylalanine, the refractive index of the MIP layer changes, leading to
the change in the FPI signal of the whole p(PETA)/MIP tip. This straightforward method offers

new innovative possibilities for designing MIP-based FPI sensors for a wide range of analytes.

Chapter 6 summarizes the main findings of the thesis and suggests some future
research objectives for further improving the performance of the fiber optic FPI-based sensor

made from the p(PETA) tip.
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Elaboration of a polymer tip at the
end of optical fiber for Fabry-Perot

interferometer sensor

Abstract. A polymer tip attached to the end of an optical fiber can function as a Fabry-Perot
interferometer (FPI), which is promising for sensor applications. The formation of the polymer
tip is significantly more straightforward and cost-effective than other FPI creation techniques.
This chapter presents in detail the development of a polymer tip, made by pentaerythritol
triacrylate (PETA), on the facet of an optical fiber by self-guiding polymerization. One end of
the optical fiber is stably placed inside a PETA droplet while the other end of the fiber is
injected by a 375-nm laser. The laser actuates self-guiding polymerization of PETA chains,
resulting in a cylindrical tip on the facet of the fiber. The formation of the PETA tip is strongly
influenced by the exposure dose (injected laser power x exposure time). An inefficient
exposure dose produces a tip with unstable mechanical strength while an over dose results in
a tip with an enlarged head. The optimal dose corresponds to an injected laser power of 1.0
MW during an exposure time of 1.0 s, forming a mechanically strong PETA tip with a straight
form. However, the p(PETA) tip exhibit inconsistent dynamic resonant frequencies. This is
attributed to the incomplete polymerization of the PETA chains during the self-polymerization
process. The PETA tip therefore needs a post-polymerization under a 365-nm UV lamp for a
minimum of 3 h. The final PETA tip exhibits a clear and stable dynamic resonant frequency,

making it potential for future sensor applications.
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2.1. Introduction

In practical applications, Fabry-Perot interferometers (FPI) are commonly accompanied with
optical fibers to form compact sensor devices. The optical fibers work as a waveguide for
incident and reflected signal. The sensors are therefore not only more compact, but also
provide enhanced performance efficiency. As seen in the introduction, fiber optic FPI-based
sensors are categorized as either intrinsic FPI, where the optical cavity is located inside the
optical fiber or extrinsic FPI, where the optical cavity is located outside the optical fiber [1],

[2].

The fabrication technique of the optical cavity is crucial in determining the reflection
coefficients, mechanical strength and stability of the cavity, as well as the cost of the device.
All of these parameters directly decide the practical application of the FPI sensor. Previously
developed intrinsic FPI sensors usually require expensive equipment, specialized skills and
dangerous chemical reagents. For instance, one splices optical fibers with mismatched
refractive-index [3], [4]. Another technique is using of femtosecond lasers to form a micro-
notch inside the optical fiber [5]—[7]. Chemical etching can also be used to create an air hole
inside the fiber and the etched fibers are subsequently spliced to form an intrinsic FPIl sensor
[8], [9]. Some available extrinsic FPI sensors have been also created by splicing optical fibers.
For instance, Kim et al. [10] used a silica capillary tube to bond two optical fibers which are
separated by an air gap with epoxy. Duan et al. [11] created an air cavity by splicing a short
SMF section between two other SMFs with a large lateral offset. The gap between the fibers
works as an open cavity where external gas or liquid can enter or exit easily, making it suitable
for sensing the refractive index of the surrounding medium. Again, these fabrication

techniques require specialized skills and equipment.

In the attempt to produce cost-effective devices, one has proposed extrinsic FPI
sensors involving a coated layer or a grown micro tip of an environmentally sensitive material,
typically polymers, on the facet of an optical fiber [12]—[17]. In this design, the optical cavity
is formed between the fiber-facet/polymer interface and the polymer/ambient interface. The
thickness of the deposited polymer layer is controlled manually and roughly by either using
different aliquot solutions [13], or adjusting the concentration of the precursor solutions [15],

or by using fibers with different diameters [14]. Meanwhile, the polymer tip can be formed
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rapidly at the end of the optical fiber by self-guiding photo-polymerization [16], [17]. The
polymer tip itself forms an optical cavity that functions directly as an FPI. However, the study
of this end-of-fiber polymer tip for sensor applications still remains limited. Moreover, the
self-guiding photo-polymerization process occurs rapidly, which might result in a tip with
insufficient mechanical strength and an inconsistent refractive index. These problems could
lead to imprecise and inconsistent performance of the tip during sensing measurements.
Therefore, it is necessary to employ a method for assessing the quality of the tips following

their fabrication.

In this chapter, we first present the fabrication of a pentaerythritol triacrylate (PETA)
polymer tip attached to the end of an optical fiber by self-guiding photo-polymerization
method. A UV laser is injected at one end of the optical fiber, illuminating a droplet of the
PETA solution where the other end of the fiber is dipped. The photo-polymerization of PETA
is activated, allowing a solid polymer tip to grow from the optical fiber facet. The laser power
and exposure duration are carefully optimized to obtain a polymer tip with relatively straight
shape. We then study the dynamic characteristics (i.e. resonant frequency) of the polymer tip
using a home-made setup and a laser Doppler viborometer (LDV). Based on these results, we
show that the photo-polymerization of the PETA chains within the as-prepared tip is
incomplete. To ensure a fully complete polymerization of the polymer chains within the tip,
we conduct post-polymerization process by either exposing the tip to a UV lamp or injecting
the UV laser to the tip through the optical fiber. The resulting PETA tip with a full complete
polymerization of the polymer chains is then ready for sensor applications as presented in the

following chapters.

2.2. Fabrication of a polymer tip on the facet of an optical fiber

2.2.1. Materials

The polymer selected in this work is pentaerythritol triacrylate (PETA), which is curable under
UV irradiation, enabling a quick formation of well-defined polymerized tips at the end of
optical fibers. Also, thanks to three polymerizable functional groups, PETA can form a highly

crosslinked polymer network, thus providing a good mechanical stiffness for the tips.
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Moreover, the resulting p(PETA) contains hydroxyl groups (OH-) that absorb water molecules,
resulting in a significant swelling effect in water containing environments. This makes the
polymer tips become good candidates for detecting levels of humidity and water content,

which will be presented in more details in the following chapters.

2.2.2. Self-guiding polymerization method

The polymer microtip is fabricated at the facet of a single-mode optical fiber (SMF) by self-
guiding photopolymerization, schematically illustrated in Figure 2.1. Initially, a SMF (Thorlabs
SMF-28 with a core diameter of 8.2 um and cladding diameter of 125 um, or Thorlabs 780HP
with a core diameter of 5 um and cladding diameter of 125 um) is carefully cleaned, cleaved
and vertically mounted into a fiber holder. The SMF is then connected to a laser source
(OXXIUS, with a wavelength of 375 nm) via an optical shutter, a focus lens and a multi-mode
fiber (MMF) at one end. Using the MMF with a core diameter of 50 um allows us to efficiently
couple the laser light into the SMF via a fiber connector. The free end of the SMF is gradually
inserted into a droplet of PETA mixed with photo-initiator 2,2-dimethoxyl-2-
phenylacetophenon (DMPAP) on a horizontal flat substrate. The molecular ratio of DMPAP is
equal to 1 % of PETA polymerizable groups. When the power source is turned on, the laser
passes through the optical fiber and exposes the photopolymer droplet, thereby triggering a
photopolymerization within the droplet. After a given exposure, the fiber end is lifted up out
of the photopolymer droplet and gently dipped into ethanol for about 10 s. The
unpolymerized polymer is rinsed out by ethanol, resulting in a well-defined polymer tip at the
end of the optical fiber. The geometrical shape of the polymer tip is controlled by the exposure
dose, while the length of the tip (L) is controlled by the distance between the fiber facet and

substrate of the PETA droplet.

30



Chapter 2

Shutter Lens
H m Multi-mode fiber Single-mode fiber
Laser M p—

=T o -

\‘\: PETA droplet

———

Polymer tip

_ o 0
v ;; HQCQ)J\OXOJK?CHZ
4 e OH OY§CH2

o

Figure 2. 1. Schematic diagram of the experimental setup for fabrication of a polymer tip at the end

of an optical fiber.

2.2.3. Results and discussion

Figure 2.2 shows PETA-based tips fabricated at the end of the SMF-28 fiber by various
exposure doses, which correspond the product of the laser power and the exposure time (D =
injected laser power x exposure time). It should be noted that the laser power mentioned
here is the value measured immediately in front of the SMF, after passing through the shutter,
lens and MMF. Initially, we conducted trials using a laser power of 0.5 uW and exposure time
of few minutes. Under these conditions, it was not possible to obtain a PETA-based tip due to
the power being below the threshold required for the initial activation of polymerization.
Subsequently, the laser power was increased to 1.0 uW and a PETA-based tip was obtained in
only 0.25 s. The tip has a straight length of up to 100 um. However, when exceeding 100 um
in length, the tip curves and becomes easily breakable, even during the rinsing step. By further
increasing the exposure time, we discovered that an exposure power of 1.0 uW and an
exposure time of 0.5 — 1.0 s are optimal to form a straight polymer tip, irrespective of its
length. If overexposed by either increasing the laser power and/or the exposure time, the tip

presents an enlarge head.
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Power = 0.5 pW, time =1 -5 min No polymerized tip formed

Power = 1.0 uW, time =0.25 s

L <100 um: straight L > 100 um: not straight, easily broken

Power = 1.0 uW, time=0.5-1.0s

L is up to 200 um, still straight

Power = 1.0 pW, time = 2.0 s

Power = 2.0 pW, time = 2.0 s

Inflated head

Figure 2. 2. PETA-based tips at the end of SMF-28 obtained by different exposure conditions. The

scale bar is 100 um.
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The aforementioned fabrication conditions are also applied to the fabrication of PETA-
based tips on the facet of the fiber 780HP, which will be used for Fabry-Perot interferometer

characterization in the following chapters.

The SEM images of the PETA-based tips attached on the facet of the fiber 780HP are
presented in Figure 2.3. An exposure dose of 1.0 uW laser power and 1.0 s exposure time is
optimal to form a polymer tip with a defined and uniform shape, see Figure 2.3(a-b). When
underexposed, the polymerization is insufficiently activated, resulting in tips with unstable
mechanical strength. In contrast, overexposure by either increasing the laser power and/or
the exposure time results in PETA-based tips with an inflated head, see Figure 2.3(c). By
adjusting the distance between the fiber facet and the droplet substrate, polymer tips with
different micro-scale lengths are obtained. These results demonstrate the simple, rapid and

controllable process of producing polymer tips at the end of optical fibers.

TM-1029 x1,5k 50 um TM-1045 x1,5k 50 um

TM-1017 x1,5k 50 um

Figure 2. 3. SEM images of PETA-based tips at the end of the 780HP fiber formulated under

optimized exposure dose (a-b) and over exposure dose (c).
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The aforementioned experimental results demonstrate the successful fabrication of a
polymer tip at the end of an optical fiber without any enlargement, even though the laser
tends to diverge at the output of the fiber. This is attributed to the self-guiding and self-
focusing of the laser within the formulated polymer segment [18]—[22]. Indeed, the refractive
index of the PETA droplet gradually increases during the photo-polymerization process. Thus,
as soon as the polymer section is polymerized, it immediately acts as an optical waveguide
with the polymerized area acting as the core, and the surrounding unpolymerized area as the

cladding. The laser then propagates within this waveguide and avoids a diverge effect.

Moreover, exposure of the PETA droplet to intense electromagnetic radiation causes
a change in the refractive index of the material, resulting in a self-focusing effect of the light,
a non-linear optical process. This effect concentrates the laser at particular points, resulting
in a node as experimentally observed in our fabricated tips. These results are consistent with

the experimental and simulation data in previous studies [20], [21].

2.3. Dynamic characterization of the p(PETA) tip

2.3.1. Method

To evaluate the quality of the fabricated PETA-based tip, we analyzed the dynamic
characteristics of the tip by measuring its resonant frequency. It is worth noting that
previously, the through-fiber PETA tip was demonstrated to operate in dynamic mode in a PhD
work conducted at the IMS laboratory, University of Bordeaux and the GEC laboratory,
University of Compiegne [23]. The resonant frequency of the PETA tip was analyzed by a laser
Doppler vibrometer (Polytec MSA 500), which relies on the Doppler effect. This technique
measures vibrational velocity and displacement of an object by examining the frequency shift
of back-scattered light from the moving object surface. Figure 2.4 displays the working
principle and basic setup of the laser Doppler vibrometer. A laser beam, with a wavelength of
633 nm and frequency fo, is split into two parts by a beam splitter: a reference beam and a
test beam. The reference beam, after passing through the Bragg cell that introduces a
frequency shift f,, propagates to the photodetector with a frequency of fo + f4. In the
meantime, the test beam is directed at the moving object and scattered by the moving

surface. The frequency and phase of the backscattered light are now changed depending on
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the velocity and displacement of the moving object. In particular, the object motion adds a

2v(t) cosx

PR where v(t) is the velocity of the object,

Doppler shift to the test beam given by f; =

which is a function of time, a is the angle between the laser beam and the velocity vector, and
A is the wavelength of the light. The back-scattered light (with a frequency of fo + f4) continues
to reach the photodetector and interferes with the reference beam. The superposition of the
two beams creates a modulated output signal, revealing the Doppler shift in frequency and

thus provides the vibrational velocity and displacement of the test object.

Beam splitter Beam splitter Lens Sample

f, £ / N t
Laser — \ 25 \ _0y
633 nm ‘ 7 ‘ e
| L/ \\/ fo+ fy

i, N fotfa
1, - Bragg cell — ; —_—
/”o, fot+ f, fo+
Beam splitter Photo-detector

Figure 2. 4. Measurement principle and setup of a laser Doppler vibrometer.

To measure the dynamic characteristics of a device, inducing its dynamic motion is the
primary and crucial step. One of the most common techniques is using a piezoelectric actuator
element. Previously at IMS laboratory, Bokeloh [23] used a piezo-driven lead zirconate
titanate (PZT) to actuate a device which consists of a fiber optic PETA tip attached to a glass
substrate using a double-sized adhesive tape. This method requires specific skills and the
device response may exhibit spurious resonance modes [24]-[26]. On the other hand, laser
excitation has been demonstrated as a promising method to actuate the device motion thanks
to its ability to integrate easily and produce clean cantilever resonance peaks in both air and

liquid phases [24]-[26].

In this study, the mechanical vibration of the p(PETA) tip is actuated by photo-thermal
excitation caused by an intensity-modulated laser diode [24], [26]—-[28]. We then recorded the

frequency spectrum of the tip using the laser Doppler vibrometer, as schematically shown in
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Figure 2.5. The p(PETA) tips used in the dynamic characterizations were fabricated at the end
of the optical fiber SMF-28. A 20-nm-thick Au layer is deposited onto one side of the p(PETA)
tip by thermal evaporation method. The p(PETA) tip has therefore one half of the lateral
surface covered by Au and the other half surface free. Such asymmetry is required for the
integrated actuation of the tip. A laser diode with a wavelength of 1310 nm (QPhotonics,
QDFBLD-1310-5AX) is transmitted to the p(PETA) tip through an isolator. The intensity of the
laser diode is modulated by a laser driver current which is synchronized with a commercial
Laser Doppler vibrometer (LDV). A red laser from the LDV is directed to the extremity of the
tip and its deflection is then recorded by the LDV itself. Since this LDV laser’s output power is
constant and small, it does not affect the dynamic response. This work utilizes the photo-
thermal excitation, in which the Au layer absorbs the injected laser 1310 nm and converts the
light into heat. Due to different thermal expansion coefficient of Au and p(PETA), a thermal
stress is generated with the bi-layer tip, making the tip bended. The laser excitation with a
modulated intensity results in a vibration of the tip at varying frequencies. This method allows

us to determine the resonant frequency of the tip.

Power Laser Doppler
supply vibrometer
L A
Laser v

A

Driver diode Isolator |—{ |
1310 nm @

Figure 2. 5. The schematic diagram of the experimental setup for measuring the dynamic response

(resonant frequency) of the polymer tip.

2.3.2. Results and discussion

Figure 2.6 shows the first out-of-plane bending resonance mode of a 173.0 um-long p(PETA)

tip that was recorded with an average excitation power of 1.5 mW. The resonant frequency
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(f-) of the tip can be determined by analyzing the maximum magnitude (A) or 90° phase shift.
In addition, the quality factor of the tip can be calculated using the equation:

Q= I_} (2.1)
where f,. is the resonant frequency, Af is the resonance width or full width at half maximum
(FWHM). The p(PETA) tip shows a distinct resonant frequency of 76 kHz and a quality factor
of 17. It is worth noting that the spectrum actuated by the laser reveals no additional spurious

oscillation modes, indicating that only the first flexural vibrational mode is excited.

(a) 5| Magnitude{ 200
N Phase 1
r < 150
4 ]
—_ - 100
= Af
f—; 3l 50 o
Ee] 1 (]
2 0o &
EP g : . 50 .
s 7 ! -
|
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Figure 2. 6. (a) Frequency spectrum of a p(PETA) tip 173.0 um long which has a microscope image

shown in (b).

We also studied the frequency response of another p(PETA) tip of 105.8 um in length
excited by an actuation laser power of 4.6 mW. The results, shown in Figure 2.7, indicate a
clear resonant frequency of 155.5 kHz. However, conducting a second measurement with the
identical laser power, we obtained another resonant frequency of 159.6 kHz, indicating a 2.6
% difference compared to the first result. We propose that during the measurement, the Au
layer absorbs some energy from the actuation laser, which was then converted into heat and
transferred to the tip, resulting in a further cross-linking in the PETA chains within the tip. The
polymerization of the PETA chain might not have been fully completed during the tip
fabrication which takes place during only 1 s. When the tip is further polymerized, it becomes
stiffer and achieves a higher Young’s modulus. The effective Young’s modulus of the Au/

p(PETA) tip is therefore also increased. A correlation between the resonant frequency of a
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single clamped beam with a cylindrically cross-section and its Young modulus is described as

follows [23], [29], [30]:

2

where E is the tip Young’s modulus, f, is the resonant frequency, L is the tip length, R is the
tip radius, p is the mass density of the material, 1 is the eigenvalue of the resonance mode.
For the first out-of-plane resonance mode, A = 1.875. From Equation (2.2), it is evident that an
increase in the Young’s modulus leads to a higher resonant frequency of the tip. This explains
well our observation presented above. Therefore, to ensure the tip is completely polymerized
and exhibits stable properties, it is crucial to conduct a post-polymerization process after the

self-guiding polymerization of the tip.
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Figure 2. 7. Frequency spectrum of the p(PETA) tip 105.8 um long in two different measurements.

Inset is the microscope image of the tip.

2.4. Post-polymerization of p(PETA) tip

2.4.1 Injecting a UV laser into the tip

As presented in the previous section, the well-defined p(PETA) tip is formed by a self-guiding
polymerization using an optimized exposure dose of 1.0 uW laser power and 0.5 — 1.0 s
exposure time. However, the polymerization of the PETA chains is not fully completed,

consequently causes dynamic properties of the tip inconsistent. Our primary consideration
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was to take advantage of the current fabrication setup to reinject a UV laser into the fabricated
tip, as schematically shown in Figure 2.8. The laser is used at its maximum power and the
power measured in front of the free end of the optical fiber is 40 uW. The experiment is carried
out for various periods up to 15 min. Our aim is to determine the optimized periods to fully
complete the polymerization process of the PETA chains, which allows the tip to achieve a

stable resonant frequency.

Shutter Lens

Multi-mode fiber Single-mode fiber
Laser

375 nm

Figure 2. 8. The schematic diagram of the experimental setup for post polymerization of PETA-based

tips by injecting a UV laser 375 nm into the tip.

The resonance spectrum of a 103.7-um-long PETA-based tip is recorded after various
post-polymerization periods, as shown in Figure 2.9(a). The excitation laser is set to be 1.65
mW. By plotting the resonant frequency versus the post-polymerization time, we can clearly
observe an increase in the resonant frequency with longer post-polymerization times, see
Figure 2.9(b). This result indicates that the tip absorbs more energy with increasing post-
polymerization time to further complete the cross-linking process within the PETA chains,
resulting in a stiffer tip with a higher resonant frequency. However, after 15 min of UV laser
irradiation, the tip still exhibits an unstable resonant frequency, implying that this condition is
inadequate for the post-polymerization of PETA tip. The laser injection can theoretically
continue for a longer duration; however, this method will be time consuming when dealing
with numerous devices because we only can perform the post-polymerization on a single tip

at one time.
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Furthermore, we examined the evolution of the resonant frequency of the obtained

PETA tip after post-polymerization (by injecting 40uW-power UV laser for 15 min) in different

measurements, in particularly two increase-decrease cycles of the power excitation, see

Figure 2.9(c). At a specific power actuation, the f, of the tip measured in the second cycle is

still higher than the one measured in the first cycle. It again indicates that an injection of

40uW-power UV laser into the tip for 15-min is insufficient for its post-polymerization.
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Figure 2. 9. (a) Frequency spectra of the 103.7 um long tip after being injected with UV laser over

different periods of time. Inset is the microscope image of the tip. (b) Evolution of the resonant

frequency of PETA tips as a function of the UV laser injection time. The measurements in (a,b) were

conducted at an actuation power of 1.65 mW. (c) Evolution of the resonant frequency of the 103.7

pum long tip as a function of the power actuation in different measurements.
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2.4.2 Exposing the tip to external UV irradiation

The second method for post-polymerizing the PETA tip is exposing the tip under an external
UV lamp. A batch of PETA tips is exposed under a UV lamp (Fisher Scientific — 6 W) with a
wavelength of 365 nm inside a glovebox to prevent the influence of oxygen on polymerization,
as schematically shown in Figure 2.10. In fact, oxygen is known to interact with initiators and
free radicals within the material, subsequently generating peroxy radicals which are incapable
of reinitiating a polymerization process [31]. Thus, the post-polymerization needs to be
conducted in an oxygen-free environment. The devices are taken out after various exposure

times for dynamic measurement.

UV lamp (365 nm)

bbb oA g 4

Figure 2. 10. The schematic diagram of the post polymerization of PETA tips under a 365-nm UV

lamp.

Figure 2.11(a) shows the frequency spectrum of a 111.6-um-long tip after various
times of post-polymerization. The excitation laser is again fixed to be 1.65 mW. The resonant
frequency shifts to a longer value with increasing exposure time. When the resonant
frequency is plotted as a function of the post-polymerization time, as in Figure 2.11(b), we can
clearly see that the resonant frequency increases by approximately 10 % after exposure from
0 to 3 h. However, if the tip is continuously exposed for 3 to 20 h, the resonant frequency
remains unchanged. This behavior is consistently observed for a 115.0 um-long tip also. These
data suggest that a minimum of 3 h exposure of PETA tips under the UV lamp is necessary to
complete the polymerization of the PETA chains. However, it should be noted that during
measurement, the excitation laser may also contribute to the polymerization of the structure.
We assumed that this contribution is much smaller compared to that of the UV lamp as the

laser excitation was carried out rapidly.
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Figure 2. 11. (a) Frequency spectra of 111.6 um long tip after being exposed under UV lamp over
time. Inset is microscope image of the p(PETA) tip. (b) Evolution of the resonant frequency of two
tips with the UV lamp exposure time. The measurements were conducted with an actuation power of

1.65 mW.

To confirm the fully complete polymerization of the PETA chains within the tip, we
measured the resonant frequency of the tip being UV lamp exposed for 3 h by using different
excitation laser powers, see Figure 2.12(a). It is seen that as the excitation power increases
from 0.49 to 5.40 mW, the resonant frequency of the tips decreases by 8.45 kHz. Then, as the
excitation power decreases from 5.40 to 0.49 mW, the tip shows a reversed shift of 8.66 kHz
in the resonant frequency. At a given excitation power, the resonant frequency of the tip is
almost identical in different measurements, see Figure 2.12(b). These results confirm the
complete polymerization of the polymer chains within the PETA tip after exposure to the UV

lamp for 3 h.
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Figure 2. 12. (a). Frequency spectra of the 109.3 um long tip after post-polymerized under the UV
lamp for 3 h, measured with various power actuations. Inset is the microscope image of the tip. (b)

Evolution of the resonant frequency of the tip with the power actuation in different measurements.

2.5. Conclusion

In summary, we have presented the successful fabrication of a PETA-based tip attached to the
free end of an optical fiber by self-guiding polymerization method. The self-guiding
polymerization is actuated by using a OXXIUS laser with a wavelength of 375 nm injected to
one end of the optical fiber while the other end of the fiber is stably placed inside a PETA
droplet. The geometric shape of the PETA-based tip strongly sensitive to the exposure dose;
inefficient dose is not possible to form a tip with stable mechanical strength while overdose
causes the tip with enlarged head. The optimal dose is found to be corresponding with an
injected laser power of 1.0 uW during an exposure time of 1.0 s. These conditions allow us to
obtain p(PETA) tips with straight length and stable mechanical strength. However, the PETA
chains are not fully polymerized during the tip fabrication, resulting in a tip with
unreproducible dynamic resonant frequency. The formulated p(PETA) tip therefore needs to
be post-polymerized under a 365-nm UV lamp for at least 3 h. The final p(PETA) tip exhibits

clear and stable dynamic characteristics, validating the optimized fabrication process.
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Chapter 3
Fabry-Perot interferometer-based
polymer tip: Working principle and

its application for humidity sensing

Abstract. A p(PETA) tip attached to the end of an optical fiber has been successfully
formulated by self-guiding polymerization combined with a post-polymerization step, as
presented in Chapter 2. In this chapter, we demonstrate that the p(PETA) tip works as a Fabry-
Perot interferometer (FPI), resulting in an interferometric signal with clear maximum (peak)
and minimum (dip) wavelength positions. More importantly, the FPI signal of the tip is highly
sensitive to the variation of the humidity in the air. The tip exhibits a consistent sensitivity of
90pm/%RH, equivalent to a relative sensitivity of 104 ppm/%RH in the humidity range from
30 to 80 %, independent of the tip length. These results are comparable with those of
previously reported fiber optic FPI humidity sensors. The humidity sensing principle of the tip
is based on the swelling effect of PETA chains, which is resulted from the water absorption of
OH- functional groups within the polymer structure. The length and/or the refractive index of
the tip is therefore changed with the humidity variation in the air, resulting in a wavelength
shift in the FPI signal. The sensing performance of the tip is highly reproducible. Furthermore,
cross effect of temperature variations on the FPI signal of the tip is negligible, thereby

indicating a great potential for practical sensor devices.
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3.1. Introduction

Humidity refers to the presence of water molecules in gaseous environments. Determination
of humidity is crucially important for human comfort and technical fields such as structural

health monitoring, chemical processing, food storage, and agriculture [1]—[3].

Fiber optic sensors, particularly FPI-based sensors have been widely used for the
detection of humidity [4]—[10]. In general, FPI humidity sensors require an optical cavity being
functionalized by a hygroscopic material. The hygroscopic material absorbs water molecules
from a humid environment, thereby causing the cavity to swell. As a result, the length and
refractive index of the cavity change with the environment humidity, leading to a shift in the
maximum and minimum wavelength position of the FPI signal. Among the commonly used
polymers, polyvinyl alcohol (PVA) is highly sensitive to water and shows a significant swelling
effect. Many FPI humidity sensors have been therefore developed by using optical cavity made
of PVA [4]—[6]. Aside from PVA, one has also attempted to employ other potential hygroscopic
materials for humidity FPI-based sensor, such as chitosan [7] , nafion [8], polymethyl

methacrylate [9].

In this chapter, we demonstrate that the p(PETA) tip grown on the facet of an optical
fiber works effectively as a FPI humidity sensor. We first theoretically discuss the FPI principle
of the tip. We then apply the tip to measure the relative humidity of the air and obtain a
constant sensitivity of 90 pm/%RH, which corresponds to a relative sensitivity of 104 ppm/%
RH, in the range of relative humidity from 30 to 80 %. This excellent sensing performance is
attributed to the strong absorption of water molecules in the humid atmosphere by hydroxyl
groups (OH-) within the PETA material, resulting in a significant tip swelling. The changes in
the length and/or refractive index of the tip lead to a change in the FPI signal. The sensing
performance of the tip is observed to be good reproducible and stable. Moreover, we observe
that the FPI signal of the p(PETA) tip is insensitive to temperature change. These properties

facilitate the application of p(PETA) tips in practical humidity sensor devices.

50



Chapter 3

3.2. Fabry-Perot interferometer (FPI) based on polymer tip

3.2.1. Working principle and simulated FPI signal of the polymer tip

The fabricated p(PETA) tip has the capability to function as a Fabry-Perot interferometer (FPI).
The FPI working principle of a polymer tip attached at the end of an optical fiber is
schematically shown in Figure 3.1. When light is injected into the fiber, one part is reflected
at the first interface between the fiber core and the polymer tip, while the other part is
reflected at the second interface between the polymer tip and the surrounding environment.
The Fresnel reflection coefficients at these two interfaces are defined as R1 and Rz, determined

by the following equations:

_ (nf - np)z

R e (3.1)
_ (np - ne)z

F2= Gy o2 2

where ns, n, andn, are the refractive indices of the core fiber, the p(PETA) tip and the
surrounding environment, respectively. In this study, we have n; = 1.456, (the fiber used in
applications is single mode fiber Thorlabs 780HP), n,, is in the vicinity of 1.483 and n, can be
changed, depending on the surrounding medium. These refractive indices are close to each
other, resulting in small values of R1 and R;. We therefore ignore the multiple reflections
within the polymer tip and only consider a model for two-beam interference. The resulting

interference signal is determined as follows:

E, = +Eo./Ri + (1 —A)(1 —Ry).Eg.e”BL (1 — a). /R, (3.3)
where E| is the input electric field, A; is the transmission loss factor at the reflection interface
1, B is the propagation constant within the polymer tip, and a is the loss factor of the tip. The
expression has sign (+) if ns > np and sign (-) if ns < np. The normalized intensity Rpp (A1) of the
interferometric pattern is then determined as follows:

2
= R1+(1_R1)2‘(1_A1)2'(1_a)2‘R2

47ran) (3.4)

.
Rpp = |
0

+ 2 RR, (1 — A)(1 - R)(1 — a) cos(
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Figure 3. 1. (a) Schematic diagram of the polymer tip working as a Fabry-Perot cavity with two
reflecting surfaces R; and R,. (b) The electric field amplitudes of the incident, transmitted and

reflected light inside the polymer tip.

4T

It is seen that the interferometric signal depends on the phase difference ( ;lpL) of the

two reflected beams which is determined by the refractive index and length of the tip. When

4tnL

the phase difference satisfies the condition n, = 2mm (where m is an integer), the

min

corresponding dip wavelength can be achieved with:

=7 (3.5)

Generally, the interference pattern depends on the length and refractive index of the
cavity and the refractive index of the surrounding environment. Interferometric patterns of a
polymer tip with different lengths or refractive indices are simulated and shown in Figure 3.2.
For simplification, all the losses are neglected and the input electric field is set to be constant
over the whole range of wavelengths. It can be seen that the interference pattern shows a
visible red shift (towards higher wavelength) as the length of the tip increases (Figure 3.2(a))
and shows a visible blue shift (towards shorter wavelength) as the refractive index of polymer

tip decreases (Figure 3.2(b)).
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Figure 3. 2. Simulated FPI signals of the polymer tip with (a) different lengths (L) and (b) different

refractive indices (np) in air.

Moreover, the interference pattern of a polymer tip also depends on the refractive

index (ne) of the surrounding medium, as shown in Figure 3.3. The wavelength positions of the

maximum and minimum intensities are unchanged, whereas the signal intensity decreases

with the increase of ne. The difference between the maximum and minimum intensity (1,4 —

Lnin) decreases linearly as the external refractive index increases, as simulated in Figure

3.3(b). The refractive index of fluidic media is often directly related to the concentration of

the component materials. Therefore, the FPI signal of a polymer tip dipped inside a solution is

sensitive to the solution concentration.
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In a nutshell, the variation in temperature, humidity, and material concentration of the
surrounding medium will result in a change in the length and refractive index of the polymer
tip, consequently affecting its FPI signal. By measuring the changes in the FPI signal of the

polymer tip, one can thus detect the changes in these environment parameters.

3.2.2. Setup for recording FPI signal of the p(PETA) tip

To record the FPI signal from the polymer tip attached to the end of an optical fiber, we used
a home-made setup, as schematically shown in Figure 3.4. This setup consists of a
superluminescent diode (SLED, Qphotonics, QSDM-860-8B, wavelength ranging from 800 to
890 nm, maximum output power of 8mW), an isolator (PMoptics), a fiber coupler (Thorlabs,
TW850R5A2), a spectrometer (Ocean Optics, HR2000+, wavelength range of 200-1100 nm and
resolution of 0.4 nm). The emitted light from the SLED travels through the isolator and fiber
couplervia port (1) and (3) before reaching the polymer tip. The interferometric reflected light
induced by the polymer tip travels through the fiber coupler via port (3) and (2) and is
subsequently recorded by the spectrometer connected to a computer. The use of an isolator
ensures that the reflected light cannot reach the light source, thus preventing instabilities and
damage to the source. It is important to mention that during the measurements, the
characterization setup is kept to be well fixed and stable to prevent the impact of polarization

sensitivity of the fiber on the FPI signal.
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Figure 3. 4. The schematic diagram of the experimental setup for measuring the FPI signal from the

polymer tip under different humidity levels.

3.2.3. FPIsignal of the p(PETA) tip

The FPI signal produced from polymer tips of different lengths formulated under optimized
exposure doses (injected laser power = 1.0 pW and exposure time = 0.5 — 1.0 s) are shown in
Figure 3.5. It should be noted that the tips were treated with a post-polymerization under the
UV 365-nm lamp to achieve a complete polymerization of the PETA chains, as shown in
chapter 2. Their FPI signals were then recorded under identical conditions with a SLED power
injected to the fiber of 2.0 mW and the integration time of the spectrometer of 5.0 ms. It is
seen that all the tips exhibit a clear FPI signal with highly visible peak and dip positions. When
the length of the tip increases, the free spectral range of the FPI (the distance between the
two consecutive peaks) decreases. This experimental observation is well consistent with the

simulated data (Figure 3.5(c, f, i)).
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Figure 3. 5. (a, d, g) SEM images of p(PETA) tips formed under a sufficient exposure and (b, e, h) their

corresponding FPI signals. (c, f, i) Simulated FPI signal of the polymer tips (n, = 1.483) in the air.

To observe the effect of the geometric form of the tip on the FPI signal, we study the
FPI signals of the tips formulated under an over exposure (injected laser power = 2.0 uW and
exposure time = 1.0 — 2.0 s), see Figure 3.6. Compared to the FPI signal of the optimized tips
previously shown in Figure 3.5, the FPI signals of the tips fabricated under an over dose
exposure display significantly less intensity and contrast. This problem can be attributed to
the expanded h