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From packaging in food industry to medicine and even warfare, per- and polyflu-
oroalkyl substances find a wide use of applications in our lives. Due to their high
chemical and thermal stability, fluorine compounds are commonly used in cooking
utensils and the automobile industry as surfactants to waterproof ceramic/metal
surfaces.

However, their high stability makes them very resistant to biological degrada-
tion, which results in their bioaccumulation in ground water and living organisms.
A means to accurately monitor the concentrations of such chemical compounds is
necessary to assure general public health and protect the environment.

In this master thesis, a fiber-optic chemo-sensor for perfluorinated substance
sensing is presented. A tilted optical fiber Bragg grating was inscribed in a SMF-
28 optical fiber and was overlaid with a P(VDF-TrFE-CTFE) polymer film, acting as
a transduction layer. The sensor was tested using two different perfluorinated chem-
icals, trifluorethanol vapors and perfluorooctanoic acid aqueous solutions. Concen-
trations of said substances, as low as 2 ppm, were able to be detected. A study of the
sensor’s sensitivity depending on the P(VDE-TrFE-CTFE) polymer film’s structural
phase (amorphous, crystalline, thermally poled) is also presented. The basic theory

regarding its principle of operation and the stages of its development are laid out.
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Chapter 1

Introduction

1.1 Optical fiber Bragg grating chemo-sensors

The need for miniaturisation and better precision in sensing systems has made op-
tical fibers a subject of great interest in the field of sensing. Optical fibers offer a
versatile, compact, precise and cost-effective sensing platform which can be used
in the sensing of numerous physical (eg. strain [1], temperature [2], magnetic field
[3]) and chemical (eg. pH [4], salinity [5], humidity [6], concentration of a selected
chemical [7]) quantities. The ability to remotely monitor physio-chemical effects, in
harsh environments, remotely has garnered great interest for such sensors, for appli-
cations in various fields of industry, transportation [8], security and defence [9] [10],
medicine [11], environmental monitoring [12] [13] as well as biosensing [14] [15].

In principle, silicate glass optical fibers are resistant to most organic and inor-
ganic chemicals. In order to fabricate a chemo-sensor using an optical fiber one
usually needs a transduction material to interact with the chemical species to be
detected, and an optical platform/element (Bragg or long-period grating) to detect
the changes introduced in the transducer. Picking an ideal transducer is critical to
developing a successful chemo-sensor as it can help trace specific chemicals while
shielding the fiber from other substances and by making our readout signal more
pronounced [16].

As mentioned in the previous paragraph, fiber Bragg gratings (FBG) and particu-

larly, tilted optical fiber Bragg gratings (TOFBG) make for ideal optical platforms for
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the development of optical fiber chemo-sensors. A FBG consists of a periodic varia-
tion in the refractive index of an optical fiber’s core, which produces a wavelength-
specific dielectric mirror. FBGs find a wide use of applications in laser technology,
telecommunications and sensing [17]. In the case of TOFBGs, a certain tilt is in-
troduced between the grating plane and the fiber cross section. The existence of
tilt angle leads to the excitation of modes with azimuthal components resulting in a
transmission spectrum with a great number of strong cladding mode notches, which
in turn can be used for multi-parameter sensing after their interaction with the out-
cladding environment. This fact makes TOFBGs ideal platforms for the development

of chemo- and bio- sensors [18] [19].

1.2 Sensor description and motivation

Fluorinated substances are widely used in many aspects of daily life, mainly in spe-
cialty paints for achieving hydrophobic performance, in waterproof fabrics and uni-
forms, also in medical applications as inhaled anesthetics (ie isoflurane).

Despite their many uses, fluoride-rich chemical substances can pose numerous
threats to public health and the environment. Perfluorinated chemicals are highly
persistent pollutants that tend to accumulate on groundwater and even living or-
ganisms. Monitoring their local concentration through collecting and chemically
analysing water samples, could provide us with valuable insight on how the con-
tamination is evolving in a certain area. This could prove especially crucial in areas
with heavy industry, where large amounts of wastes end up in groundwater. How-
ever, collecting contaminated water samples by hand is neither effective nor safe.
Testing a water sample for fluorinated substances is usually done either by using
special fluoride testing strips or fluoride reactive dyes. The results of these tests are
usually read using a colour chart or a photometer [20]. It is obvious that, by using
a colour chart one can only get a rough estimate of the fluorinated substance lev-
els in a water sample and not an accurate reading. On another aspect, fluorinated
substances are known to be used for military purposes, mostly as precursors for syn-
thesizing nerve gaseous agents/weapons (i.e. Sarin gas) [21]. Though such uses are

banned from the international community, there have been instances that fluorine
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based substances have been used by terrorist cells to cause harm to civilian popu-
lation [22]. Therefore, there are several reasons for considering perfluorochemicals
as high importance materials in the sectors of safety, security and environmental
protection.

The reasons listed above make the development of a reliable sensing device, to
monitor in real time the concentration of such substances, a necessity. Optical fiber
chemo-sensors could prove a reliable and cost-effective medium to monitor food,
water and public areas from a safe distance, in real time.

In this thesis, the development of such sensor is presented. Specifically, a TOFBG
chemo-sensor, sensitive to perfluorinated substances. This sensor consists of a TOFBG
whose grating area is overlaid with a thin film of poly (vinylidene fluoride-trifluoroethylene-
chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)], a co-polymer of poly (vinylidene flu-
oride) (PVDF). PVDF and its co-polymers display ferroelectric properties either in-
trinsically or through proper treatment. The surface charge on PVDF can help in
binding with perfluorinated substances in aqueous or gaseous solutions through
dipole-dipole or hydrophobic interactions. Perfluorinated substances are strongly
polar due to the fluoride molecules they contain while some of them, like PFOA,
have octyl groups which are strongly hydrophobic [23].

Two different perfluorinated chemicals were used for our experiments: TFE and
PFOA. Among its many uses (solvent for peptides and proteins, used for NMR-
based protein folding studies,used in the manufacture of nylon [24]), TFE is the key
precursor in developing the drug Forane (Isoflurane), which is used for general anes-
thesia[25]. Monitoring the exact amount of anesthetic that is delivered to a patient
could be crucial for their post surgical resuscitation. This is particularly challenging
with gas anesthetics, as gas molecules tend to physisorb to electrically charged sur-
faces, like the breathing tubes used to administer them, affecting their final concen-
tration reaching the alveoli. On the other hand, PFOA is used in industrial applica-
tions (used to manufacture chemicals used in non-stick and stain-resistant coatings,
fire-fighting foams, and as a surfactant in industrial processes [26]) and is one of the
environmental pollutants discussed in the paragraphs above.

To test the sensor, TFE was placed inside a gas chamber along with the sensor and

was let to evaporate. The spectral changes of our sensor versus time, were recorded.
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To be specific, a gradual shift of the sensor’s spectrum towards smaller wavelengths,
was observed. Furthermore, aqueous solutions of PFOA were prepared and were
used to submerge our sensors in them, in order to observe the spectral changes in
this case. The P(VDF-TrFE-CTFE) polymer film, underwent different physical treat-
ments (annealing and thermal poling) in order to test our sensor’s response versus
the polymer’s phase (amorphous, crystalline, thermally poled). For both chemicals,
the polymer film-substance attraction is suspected to be strong enough to not only
affect our system optically, due to refractive index change, but also mechanically,
due to strain introduced by the P(VDF-TrFE-CTFE) polymer film from interacting
with the molecules of the perfluorinated substances.

Apart from applications in environmental protection, applications in medicine
are also possible. Specifically, in monitoring the amount of a perfluorinated drug a
patient is receiving. For example, in the case of Forane, our sensor could be inserted
through a breathing tube, while reaching the lower respiration parts of lung (possi-
bly down to the alveoli scale), for precisely monitoring the anesthetic concentration

final provided to the patient.

1.3 Thesis outline

The basic theory and propagation equations regarding optical fibers and tilted fiber
gratings is provided in Chapter 2. In Chapter 3, the experimental process and appa-
ratus used, is presented. Specifically, the grating fabrication process and the setup
used to produce TOFBGs, the various post inscription fabrication processes upon
the TOFBGs and the P(VDF-TrFE-CTFE) polymer film, the experimental setups used
to test the sensor’s functionality and the properties and uses of the various chemi-
cals used, are laid out. In Chapter 4, the experimental results are presented and
discussed. Finally, in Chapter 5, we append the conclusions emerging from this re-

search work.



Chapter 2

Basic Theory

2.1 Introduction to optical fibers

An optical fiber is a flexible, transparent fiber made, typically, by drawing silica
glass or plastic to a diameter from a few to a few dozen microns, depending on the
actual application the fiber is used for. Optical fibers are most often used to trans-
mit light from one end of the fiber to the other. Optical fibers are mostly known
for their ability to transmit information over very long distances, without significant
loses, at higher bandwidths. These characteristics have made them invaluable tools
in the area of telecommunications. Beside telecommunications, specially designed-
modified optical fibers are used as fiber optic sensors and are used in the construc-

tion of fiber lasers, for imaging applications etc [27].

2.1.1 Standard optical fibers

Optical fibers consist of a core, were the light is transmitted, and a cladding that
surrounds the core. The cladding is in turn coated with a protective plastic called
"buffer". Buffers are applied during the draw process and play an important role
in keeping the functioning part of the optical fiber clean and shielded from the en-
vironment. If additional protection is required, the fibers can be encapsulated in a
plastic sleeve called "jacket"[28].

The propagation of light inside the core of an optical fiber is based on total in-
ternal reflection. The core has a larger refractive index (7,) than the cladding (1)
where the refractive index change between core and cladding can be abrupt (step-

index fiber) or gradual (graded index fiber). When light traveling in an optically
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dense medium hits a boundary at a steep angle (larger than the critical angle for
the boundary, 6,,;), the light is completely reflected (from Snell’s law, sinf,,; =
N/ Mo = Oip = arcsin (ng/ne)). This effect is used in optical fibers to confine
light in the core. Light travels through the fiber core, bouncing back and forth off the
boundary between the core and cladding[29][30].

Because the light must strike the boundary with an angle greater than the critical
angle (6.t), only light that enters the fiber within a certain range of angles can travel
down the fiber without escaping the fiber. This range of angles is called the accep-
tance cone of the fiber. There is a maximum angle from the fiber axis at which light
may enter the fiber so that it will propagate, or travel, in the core of the fiber. The
size of this acceptance cone is a function of the refractive index difference between
the fiber’s core and cladding [31]. Fibers that support many propagation paths or
transverse modes are called multi-mode fibers (MMF), while those that support a

single mode are called single-mode fibers (SMF) [32].

buffer

d = 185 — 700 ]1111\

x

cladding
d = 125 pm

fiber
4d=7-10pm

FIGURE 2.1: Structure of a standard SMF [33]

2.1.2 Waveguided modes

By using simple geometric optics one can adequately analyse the propagation of
light inside a MMF. The same cannot be done for SMFs though because for media
with small V-numbers the geometric optics approach becomes considerably inaccu-
rate [34]. Maxwell’s equations must be solved to produce exact solutions for the

dielectric cylinder. But such solutions are not easy to produce analytically and are
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too complicated to be of any practical use. To amend all these issues a simplified ap-
proach to determine the structural characteristics that a fiber must have to produce
specific modal properties is needed.

We will assume that the waveguide we study is weakly guiding, meaning that
the core and the cladding refractive indices are almost equal (1, ~ 1.,). Consider
a cylindrical core with 7, like the one depicted in Fig.1, with a radius a. Let the
cladding be infinite with 7. The propagation constant § for guided modes can take

values between:

nek < ,B < 1ok (2.1)

where k = 27t/ A is the wavenumber in free space. We also define the core modal

parameter u and the cladding modal parameter w:
u=a(kPn?, — )2 (2.2)

w=a(B? — k2n})? 2.3)
The quadratic summation of those two parameters produces a new one called V-
number (it can be viewed as some kind of normalized frequency).

V = ak(n?, — n%)"/? (2.4)

cl

We also define the refractive index contrast A which, for the case of weak guidance

is:

A:M<<1 (2.5)

nCO

For very small A we can formulate modes that are polarized on one direction only.
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Without going into much detail we give the longitudinal (z) and transverse (¢)

field components in cylindrical coordinates.

S T
u Jiq(ur/a) .
+Twwszn(l —-1)¢
w Kjq(wr/a) .
T Ky DY
_TZWW(Z = 1)4;} (2.62)
_ —iE [ Jipa(ur/a)
H, = Sa {u K, () cos(I4+1)¢
Ji—1(ur/a)
—uwcos(l —1)¢
+wWCOS(Z +1)¢
_chos(l - 1)q>} (2.6b)
1 Ji(ur/a)
S PN TR
TK(w)
1 El neoJi(ur/a)
Hp= =59, e (sin(l+1)¢ —sin(l=1)¢) (2.6d)
Labitarly,

where J;(ur/a) are Bessel functions used to describe the modal field inside the core,
K;(wr/a) are Henkel functions used to describe the modal field outside the core, Z
is the plane wave impedance in vacuum and E is the electrical field strength at the
core-cladding interface.

Because A is considered to be small the longitudinal components are small com-
pared to the transverse ones. Based on that, we can assume that our modes are

linearly polarized (LP).
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By setting 1., = 1. in equations (2.6) we arrive at the equation:

2.7)

which is the characteristic equation for the LP modes.

Using that V2 = u? + w? and differentiating eq. (2.7) with respect to V we get:
ou/oV = (u/V)(1—1x;) (2.8)

where x; = Kp(w)/K;_1(w)K;11(w). By using appropriate approximations we can

calculate u (V) from eq.(2.8) for all modes. For higher order modes we have:
u(V) = ucexplarcsin(s/uc) — arcsin(s/V)]/s (2.9)

where 1, is the cutoff value of u and s = (12 — 1> —1)1/2,

While, for LPy;:

u(V) = (1+V2)V/[1+ (44 VH4 (2.10)

Using u(V) we can calculate the values of propagation constant  from eq. (2.2).
To make our results universal and not dependant to specific fiber configurations we

will not plot B directly but the rati:
(V) =1—(u?/V?) = [(B*/K%) —n?]/ (nG, — 1) (2.11)
which in the weakly guidance regime becomes:
b(V) = [B/k —nl/(neo =) (2.12)
From egs. (2.5) and (2.12) we obtain :
B = nk[1+A— Au?/V?)] (2.13)

By plotting b(V) we can get some interesting information about SMFs.
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FIGURE 2.2: Normalized propagation parameter b = (8/k-n)/ (1¢ —
n.) as a function of the normalized frequency V [35].

From that diagram we deduce that there is only a set values V for which only
the LPy; mode is propagated. These values are between 0 and 2.405. This is a specific
limit for the optical fiber engineers which defines the possible values of a, n., and
n, for an optical fiber to be SMF[35]. So, for a specific numerical aperture the core

diameter has a very specific range for a fiber to be single mode.

2.2 Fiber Gratings

While the field of fiber optic telecommunications and the use of optical fibers in gen-
eral has flourished over the years the need to integrate basic optical components like
mirrors, filters etc. has remained a challenge for fiber optic science. In most common
optical setups (i.e. interferometers, telescopes etc.) light can be focused, dispersed

or manipulated in any way we wish using optical components like mirrors, lenses
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etc. The same cannot be done for optical fibers where light travels inside a rigid
medium.

This has all changed, however, with the discovery of photosensitivity of optical
fibers to UV light. By exposing fibers to UV light with characteristic wavelength and
intensity the core refractive index of a SMF can be changed to a spatially defined area
of the fiber. Due to the difference between the refractive index of the the core and
the UV-exposed area light can be reflected in the interface, thus creating a type of
dielectric, wavelength-specific, mirror inside the core of the fiber. The wavelengths

satisfying the Bragg condition:

Zj _ 227'tneff
AT Ap

= Ap = anffA (2.14)

where 1,y is the effective refractive index, Ap is the Bragg wavelength and A is the
FBG period, will be reflected, while all the other wavelengths will not be affected
by the FBG[17]. Fiber gratings are a, usually, periodic spatial modulation of the
refractive index of a fiber in a specific area of the fiber core, over a predefined length.
Fiber gratings have a significant role to play in telecommunications where they are
used as filters to reflect or disperse light. As sensors, fiber gratings have been proven
to be especially sensitive to temperature and strain effects as these perturbations lead
to changes of the refractive index of the grating planes changing the phase matching

conditions leading to wavelength depended reflectivity [36].

2.21 Basic theory on fiber gratings

While a plethora of gratings exist depending on the structure of the grating’s wave
fronts we will focus on two of the most common types of gratings. The standard fiber
Bragg grating (SFBG), which is the simplest type of fiber grating, and the tilted op-
tical fiber Bragg grating (TOFBG), which we use for the development of our chemo-
Sensor.

A SFBG consists of a periodic, uniform, modulation of the refractive index in the
core of a SMF, where the phase fronts are perpendicular to the fiber’s longitudinal

axis with grating planes having constant period. Light guided along the core of an
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optical fiber will be scattered by each grating plane. If the Bragg condition (energy-
momentum conservation for the incident and the reflected radiation) is not satisfied,
the reflected light from each of the subsequent planes becomes progressively out
ofphase and will eventually cancel out. Where the Bragg condition is satisfied the
contributions of reflected light from each grating plane add constructively in the
backward direction to form a back-reflected peak with a centre wavelength defined
by the grating parameters [37].

Index modulation

: mmm
i \ I
g | | Claddi A
O ICSTTTETTRER ing .
Wavelength \ \ ﬁ 5. Fll}el‘ core
2 y ] 7 7
D %mmn;}—-zm
] o ;
0 <\ N
JI pe
g Bragg grating £ 1
. j\ HIR
E B
= g
&

Wavelength R i
Wavelength

FIGURE 2.3: llustration of a uniform Bragg grating with constant in-

dex of modulation amplitude and period. Also shown are the inci-

dent, diffracted, and grating wave vectors that have to be matched

for momentum conservation. When the Bragg condition is satisfied a
peak forms in transmission and a deep in reflection [37]

By tilting the grating planes relative to the perpendicular of the fiber axis, more
complex interactions can be observed as light from the core can be guided to the

cladding giving birth to new modes.
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FIGURE 2.4: (a) Sketch of the light mode coupling in a tilted-fiber
Bragg grating (TOFBG); and (b) transmitted amplitude spectrum [38]
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FIGURE 2.5: Transmission and reflection spectra for a SFBG [(a), (b)]
and a TOFBG [(c), (d)] [39]

As seen in Fig.(2.5) normal FBG has only one strong resonance, i. e. a deep in

transmission at the wavelength that satisfies the Bragg condition for this grating pe-

riod in that particular fiber and the same resonance also appears as a single peak

in the reflection spectrum. In addition to the Bragg resonance, the FBG spectrum

has a large number of additional weak resonances but only in transmission. These
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resonances arise from coupling to modes guided by the cladding and they do not
show up in reflection because the power carried by these modes gets stripped away
by the losses. When the grating planes are tilted we have a strong enhancement of
the cladding mode resonances, at the expense of the Bragg resonance. The closest
resonance to the Bragg (or fundamental) mode, which is usually stronger than its
cladding mode neighbours on the short wavelength side, is called the “ghost” mode
resonance and consists of the superposition of several low order cladding modes.
Near 1530 nm in the TOFBG transmission spectrum there is a discontinuity in the
cladding mode envelope after which (towards short wavelengths) the resonance am-
plitudes decrease sharply. This is due to a transition from guided cladding modes
to leaky cladding modes (i. e. cladding modes with effective indices lower than the
external medium). We observe also that the strongly resonant cladding modes of the
TOFBG are not present in the reflection spectrum. This is because the tilted fringes
of the grating front-scatter light into the cladding rather than reflect it, so not much

of them can be observed in reflection[39].

2.21.1 Coupled mode theory for fiber gratings

Coupled-mode theory is perturbational theory that allows us to model complex vi-
brational systems as series of resonators that are coupled to one another in some
way. Coupled-mode theory can be used with a wide variety of geometries or het-
eromaterials and has been used to analyze periodic structures or a small isolated
surface dent or defect [40].

Thus, we use coupled-mode theory to describe gratings and the resonances they

produce. A brief analysis for the SFBG is presented below.

2.2.1.1.1 Standard fiber Bragg gratings

We will assume the following: 1) our fiber is weakly guiding, 2) there are no absorp-
tion loss and 3) the propagating modes do not couple with the TE and TM radiation
modes.
We begin by writing the wave equation in cylindrical coordinates:
821p 1 aj 1 821P2 aZIP

AL ARV Sy N
57 e a¢2+822+n1k 0 (2.15)
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where n; = ny, ny = ne, ¢, P are scalar longitudinal fields and k = 27t/ A.

We will assume that:

Y(r,¢,z,t) = F(r)cos(vp)expli(wt — Bz)] (2.16)

and that »; is uniform along z. By substituting eq.(2.15) to eq.(2.14), gives us the
eigen fields : £, and H,.

We assume that the SFBG refractive index profile is:

n% + Aecos(6z) in core region

€(z) = { (2.17)
n2 in cladding

where n, is the refractive index of a uniform fiber, Ae is the induced index pertur-
bation, 6 = 27/A and A is the period of the grating. The perturbed fields of the

grating are then expanded as:

N
E=)Y aé (2.18)
v=1
N
H=) bH, (2.19)
v=1

where a, and b, are the mode amplitudes and N is the number of modes in the fiber.
Egs.(2.16), (2.17) and (2.18) are substituted to eq.(2.14). Assuming that higher har-
monics are negligible and that transverse coupling coefficient is ((2) is much larger

than the longitudinal coupling coefficient, we get as a result:

LC; ch 2A 2.20
> = i exp(i2ABz) (2.20)
dC, O
Tk _2ict —i
7 ; C,exp(—i2ABz) (2.21)

"non

where "+" is used to denote forward and "-" is used to denote backward traveling
waves, AB = B — (7t/A) and C; and C; are the normalized amplitudes of the fields.
Solving this pair of coupled differential equations using the boundary conditions
C*(0) =1and C (L) = 0, where L is the length of the SFBG, gives:

—exp(i2ABz)
[ABsinh(SL) — iScosh(SL)]

Ct(z) = [ABsinh(S(z — L)) +iScosh(S(z — L))] (2.22)
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o Qexp(—i2ABz)
C(z) = [sinh(SL) — iScosh(SL)]

sinh(S(z—L)) (2.23)

where S = (2 — A,Bz)l/ 2, From eqs.(2.21) and (2.22) we can get the reflectance and

the transmittance as a function of wavelength.

R(A) = [IC™(0)/C*(0)|1? (2.24)
T(A) = [IC*(L)/C*(0)|]? (2.25)
We give the reflectance:
O?sinh?(SL) 2 2
R(A) = { AP Zi"’.“zz(fé)gszwwz(“” forf¥"> &7 (2.26)
sin=(i 2 2
[ABT—(Pcos?(iSL)] for (O < Ap

Of course if we plot R(A) we will get the Bragg peak for the SFBG [41].

While an analytic result, that simulates reality to an acceptable degree, is possi-
ble with SFBGs the same cannot be said for TOFBGs. The complexity arises from the
fact that if one wishes to simulate a spectrum that corresponds to reality even in the
slightest, coupling with the radiation modes cannot be ignored. Furthermore, an ac-
curate picture can be acquired only if one takes into consideration the cross-coupling
of the radiation modes with other radiation modes. It is obvious that this problem,
from a mathematical standpoint, is too complicated to be tackled analytically. Com-

plex simulations must be done to produce a satisfying result.
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3.1 Properties of SMF-28 optical fiber

For the development of our sensor SMF-28™ optical fiber was used exclusively as its
main platform. SMF-28™ is a step-index SMF developed by Corning®. Specifically,
this optical fiber consists of fused silica cladding enveloping a GeO, doped silica
core. The GeO, doping contributes in raising the refractive index of the core. The
GeO, doping also contributes in the SMF-28™"s photosensitivity in the core, due
to the GeO, defects’ large absorbance at 193 nm, a crucial characteristic in grating

fabrication, as it will be discussed below.

Properties of SMF-28™

Core Diameter 8.2 um
Cladding Diameter ~ 125 ym
Refractive Index Difference 0.36%

Effective Group Index of Refraction | 1.4682 at 1550 nm

Mode-field Diameter 10.4 £0.8 um at 1550 nm
Cutoff Wavelength (A.f) Acr <1260 nm
GeO,-Core Doping Levels ~3.6 mol %

FIGURE 3.1: Physical and optical properties of SMF-28 ™[42][43]
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3.2 Grating fabrication

There are numerous methods to fabricate FBGs in silicate glass optical fibers. The
most convenient and widely used method, adopted by the industry, is the phase
mask technique. This method employs a diffractive optical element (phase mask)
to spatially modulate the UV writing beam. Phase masks may be formed holo-
graphically or by electron-beam lithography. The phase mask grating has a one-
dimensional surface-relief structure fabricated in a high quality fused silica flat trans-
parent to the UV writing beam. The profile of the periodic surface-relief gratings is
chosen such that when a UV beam is incident on the phase mask, the zero-order
diffracted beam is suppressed to less than a few percent (typically less than 5%)
of the transmitted power. In addition, the diffracted plus and minus first orders
are maximized each containing typically more than 35% of the transmitted power.
A near field fringe pattern is produced by the interference of the plus and minus
tirst-order diffracted beams. This near field interference fringes is half of that of the
period of the phase mask, while exploiting photosensitivity effects. The interference
pattern photo-imprints a refractive index modulation into the core of an optical fiber
placed in contact with or in close proximity immediately behind the phase mask. A
cylindrical lens may be used to focus the fringe pattern along the fiber core.

The phase mask greatly reduces the complexity of the fiber grating fabrication
system. The simplicity of using only one optical element provides a robust and
inherently stable method for reproducing fiber Bragg gratings. Since the fiber is
usually placed directly behind the phase mask in the near field of the diffracting
UV beams, sensitivity to mechanical vibrations and therefore stability problems are
minimized.

KrF excimer lasers are common UV sources used to fabricate Bragg gratings with
a phase mask. These UV laser sources typically have low spatial and temporal coher-
ence. The low spatial coherence requires the fiber to be placed in near contact to the
grating corrugations on the phase mask in order to induce maximum modulation
in the index of refraction. The further the fiber is placed from the phase mask, the
lower the induced index modulation, resulting in lower reflectivity Bragg gratings.

It should also be noted that if the zeroth order beam is not significantly suppressed,
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interference will occur between Oth- and 1st-order diffracted beams; in this case the
interference pattern will change as a function of the fiber-phase mask separation re-
sulting in fringes that vary from half the phase-mask period to one period of the
mask [44].

Incident

Ultraviolet

L Laser Beam
Grating
Corrugations

M Silica Glass

Phase Mask

Fiber
o : v
. Fiber

i Diffracted Beams

Fringe pattern K \

-1 order +1 order

Zero order
(<3% of throughput)

FIGURE 3.2: Phase-mask geometry for inscribing Bragg gratings in
optical fibers[44]

3.2.1 Setup and process

In this section, the grating fabrication setup used and the inscription process, is de-
scribed. For the grating fabrication, an ATLEX 300 FBG ArF Excimer Laser from
ATL Lasertechnik, is employed. This pulse laser operates at 193 nm providing us
with sufficient photon energy so to access defects near the Urbach tail of high trans-
parency silicate glasses and inscribe gratings FBGs even at SMF-28 fibers.

The laser beam reaches the phase mask grating recording setup using two 45
degrees dielectric mirrors. Right after the second mirror an attenuator is placed. The
attenuator is used to tune the power of the laser pulses for not damaging the phase

mask. Then, a cylindrical lens focuses the beam through a diaphragm which is used
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to apodize the beam before reaching the phase mask (of periodicity, Ay, = 1070
nm).

The SMF-28 is mounted on two magnetic fiber holders at a very small distance
behind the phase mask. The area of the fiber that is right behind the phase mask is
striped off its buffer and cleaned with isopropanol. Using fiber adaptors, one end
of the fiber is connected directly with an optical spectrum analyser (A16317B OSA
by Ando Electric Co Ltd) while the other is connected via a 50/50 coupler with an
Erbium-doped Fiber Amplifier (EDFA) light source. Using the OSA, one can monitor

the grating fabrication process online.

o OsA

UV mirrors

Optical Fiber

Fiber holders

ArF Excimer laser
(193 nm)

Cylindrical Len

Attenuator

EDFA light
source

FIGURE 3.3: Schematic of the Bragg grating fabrication setup

To write a TOFBG, a small tilt is introduced between the fiber and the phase
mask. In our case, a 3 degrees tilt is introduced between the phase mask and the
optical fiber, since greater tilting angles result in a low extinction ratio fundamental
mode in reflection. The fiber is irradiated at 40 Hz with pulses of 100 mJ/ cm? energy

density. Irradiation lasts for 30 minutes.

3.2.2 Spectral characterisation of the Bragg grating

In this section, is presented the spectrum of an inscribed TOFBG in a SMF-28 using
the setup and conditions described above. After the inscription, the TOFBG’s spec-
trum is scanned from 1530-1555 nm, using the OSA. The collected spectrum is saved

and analysed.
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FIGURE 3.4: Spectra before and after inscription of a TOFBG in an

SME-28. The black line is the transmission spectrum of our light

source. The red line shows the transmission spectrum after irradi-

ating our fiber for 30 minutes.The blue line shows the normalized
transmission spectrum of a TOFBG.

The fundamental mode (Bragg peak), for this specific grating, is found to be at
1550.676 nm, the ghost mode peak is at 1548.984 nm, while from 1548.478 to 1530 nm
numerous cladding modes can be observed (at room temperature for zero applied

strain).

3.3 Post-inscription processing of TOFBGs

In this section, the various post-inscription processes the TOFBG undergoes towards
their implementation as chemosensing probes, are presented. Namely, the TOFBG
is tempered, overlaid with P(VDF-TrFE-CTFE) polymer and annealed to remove the
solvent. This leaves us with a TOFBG overlaid with amorphous P(VDF-TrFE-CTFE)
polymer which can be used for measurements. Next, depending on whether one
wants to study the crystalline or the thermally poled state of P(VDF-TrFE-CTFE)
polymer, further processing of P(VDF-TrFE-CTFE) polymer overlaid TOFBG is car-

ried out. To improve the film crystallinity additional annealing processing steps are
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introduced; similarly, thermal poling is carried out-using a different volto-annealing

process.

3.3.1 Thermal tempering

As it was discussed above, grating fabrication is possible due to the fiber’s core
photosensitivity to UV radiation. When a fiber is irradiated with UV light, struc-
tural defects (color centers) are created in the fibers crystal lattice. Transformation
of colour center defects takes place into the amorphous glass matrix, which in turn
are translated to refractive index/loss changes. However, not all of these defects
are thermally stable, meaning that when the grating is thermally annealed some of
these defects will vanish, resulting in permanent changes to its spectral character-
istics. The first step for developing the sensor presented herein, is a thermal tem-
pering process, so to remove refractive index demarcation effects that will be convo-
luted with the behaviour of the P(VDF-TrFE-CTFE) polymer during its casting and
annealing process, allowing us a precise study of the P(VDF-TrFE-CTFE) thin film
casting process.

This can be done by simply heating our grating at a high temperature. Specif-
ically, our gratings are annealed at 250 °C for 1 hour. This temperature is chosen
as it is at least two times higher than any other temperature that is used during the

various post-inscription processes.

3.3.2 P(VDF-TtFE-CTFE) polymer overlaying of TOFBG

After tempering, the TOFBG is overlaid with a P(VDF-TrFE-CTFE) polymer film. A
solution of P(VDE-TrFE-CTFE) dissolved in cyclopentanone (2.5% w/w) is spread
on the grating. At the same time the grating is annealed at 70 °C as to solidify the
polymer as quickly as possible. Cyclopentanone by itself is considerably volatile so
after a few minutes the polymer film becomes solid. After that, the grating is cased
inside a small bronze kiln and is annealed at 70 °C for another 1 hour to completely
evaporate the solvent. After that, the grating is removed from the kiln and is let to
rest. Spectra are collected to determine the changes the P(VDF-TrFE-CTFE) polymer

film introduces.
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At this stage, the P(VDF-TrFE-CTFE) polymer film is in its amorphous state. The
P(VDE-TrFE-CTFE) overlaid grating could be used for sensing in our experiments
with the perfluorinated substances. So, tempering, overlaying and thermally an-
nealing to remove the solvent consists of the bare minimum of processing our sam-
ple must undergo to produce a functioning sensor.

Below, we present SEM images of a The P(VDF-TrFE-CTFE) overlaid fiber that
has been vertically cleaved, in order to get an estimate of the polymer film’s thick-
ness. Using an image processing software, one can get a pretty accurate approxi-
mation of the polymers thickness. Close-up images of different points of the fiber
were taken. The thickness, for this sample, is found to be between 2.5 and 4.2 um.
Because the overlaying process is done manually, the polymer film thickness tends
to be considerably inconsistent, not only between two different overlaid fibers but

between to different points on the same fiber.

FORTH-IESL SEI 15.0kV X400 WD 10.Tmm  10um

FIGURE 3.5: Vertically cleaved, polymer overlaid fiber.
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FORTH-IESL SEI 15.0kv X2,000 WD 10.1mm  10um

FIGURE 3.6: Close-up image of the south side of the fiber. The thick-
ness of the polymer film was found to be between 3.4 and 4.2 um.

\

A a A
FORTH-IESL SEl 150kY  X20,000 WD 10.1mm 1um

FIGURE 3.7: Close-up image of the right side of the fiber. The thick-
ness of the polymer film was found to be ~2.5um

3.3.3 Annealing of P(VDF-TtFE-CTFE) polymer overlaid TOFBG

To study the response of the crystalline phase, the P(VDE-TrFE-CTFE) overlaid TOFBG

is placed back on the kiln and raise the temperature up to 130 °C. At 120 °C P(VDE-

TrFE-CTFE) is in its melt phase, meaning that any crystal formations in the film due
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to the previous thermal treatments are erased. Our sample is let to anneal for 15
minutes at 130 °C, then the temperature is slowly dropped to 110 °C, which is the
temperature at which maximum crystallization occurs, and leave the grating for 1
hour to anneal. After 1 hour, the grating is removed from the kiln while the heat
is still on. This is done in order for the polymer film to cool instantly, "freezing"
the polymer in the induced crystalline state. Spectra are collected to determine the

changes annealing introduces.

FIGURE 3.8: Experimental setup used for tempering the TOFBGs and
annealing the P(VDE-TrFE-CTFE) overlaid gratings.

3.3.4 Thermal poling of the P(VDF-TrFE-CTFE) overlaid TOFBG

To induce a polarization in the polymer film, the overlaid grating is placed between
two copper-covered steel electrodes. The electrodes are connected to high voltage
generator that is able to supply us with voltages up to 5000 V. The electrodes are
placed on a hot-plate. The temperature is raised to 100 °C and turn on the voltage
generator.The voltage is raised up to 2000 V, right before breakdown occurs. The
induced electric field is calculated to be 8 MV/m. The sample is left to pole for 1
hour at maximum voltage. After 1 hour, the hot-plate is turned off and the system
is let to slowly cool-down with the voltage still on. This is done in order to make

sure that the induced polarization is not lost due to the high temperature. When the
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temperature drops to room temperature the voltage is turned off and the sample is

removed . Again, spectra of the thermally poled sample, are collected.

mic base
cts heat
through the
hot-plate

FIGURE 3.9: Experimental setup used to pole P(VDF-TrFE-CTFE)
overlaid gratings.

Spring-press

Fiber-sensor

Copper-coated

Cable connected to
the anode

able connected to the

ground /

Ceramic base

FIGURE 3.10: Diagram of the experimental setup depicted in Fig.(3.9).
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Normalized Transmissivity (dB)
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2 4
Pristine TOFBG
—— Thermally tempered TOFBG
—— Amorphous P(VDF-TrFE-CTFE) overlaid TOFBG
Crystallized P(VDF-TrFE-CTFE) overlaid TOFBG
0 —— Thermally poled P(VDF-TrFE-CTFE) averlaid TOFBG
i
I

|
1530
Wavelength (nm)

FIGURE 3.11: Transmission spectra of a grating’s fundamental and
cladding modes after different post-inscription processes.
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Spectral shifts (AA) between different TOFBG treatments

(A)) of the fundamen- | (AA) cladding mode
tal mode (nm) (~1530 nm) (nm)

Pristine—Thermally -0.12 -0.064

Tempered

Tempered —P(VDF- 0 +0.302

TrFE-CTEFE) overlaid

P(VDF-TrFE-CTFE) -0.042 -0.006

overlaid—Crystallized

Crystallized —Thermally +0.022 +0.014

Poled

FIGURE 3.12: Spectral shifts between different post-inscription pro-
cesses.

In Fig.(3.11) one sees the spectral shifts and intensity changes of the fundamen-
tal and cladding modes of a grating that has undergone different treatments. In
Fig.(3.12), the values of the spectral shifts are presented for the grating depicted in
Fig.(3.11). It should be noted that these values are typical and not absolute, meaning
that they slightly change from grating to grating.

The elimination of the thermally unstable defects during tempering has both
lowered the intensity of the fundamental and cladding modes but also shifted our
spectra towards the blue.

When the tempered grating was overlaid with the polymer minimal changes on
the fundamental mode were observed, while the cladding modes shifted signifi-
cantly towards red. This is to be expected, as the addition of the polymer around the
fiber increases the effective refractive index around the cladding resulting in a shift
towards greater wavelengths for the cladding modes. However, as the core is away
from cladding-environment interface, the fundamental mode remains unchanged.

When annealing takes place, the fundamental and the cladding modes shift to-
wards blue in comparison with the overlaid grating. This is most likely because the

polymer solidifies and mechanically compresses the grating.
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Finally, a poled grating seems to drift towards red for both the core and the
cladding modes in relation to the annealed grating. There are several reasons for
this: 1) the change of the orientation of the electric dipoles of the polymer induces
a change on the refractive index, 2) as the polymer is electrostrictive, the induced
polarization induces a mechanical strain on the grating or 3) a combination of the

phenomena occurs.

3.4 Experimental apparatus and process

In this section, the experimental setups and the experimental process followed to
test our sensors sensitivity to perfluorinated chemicals, is described. Two setups
were used: one to test sensitivity to gaseous chemicals and one to test sensitivity to

aqueous solutions.

3.4.1 Experimental setup: sensing of TFE vapors

To test our sensor’s sensitivity to perfluorinated gases a gas chamber is needed. Our
gas chamber consists of a stainless steel cylindrical container which has been drilled
on its sides so that an optical fiber be threaded through the container. A plexiglass
lid seals the container from above, held in place by eight screws. The container has
two gas inlets and one gas outlet. One gas inlet is connected to a nitrogen tank while
the other is placed on top of the plexiglass lid and is used to add chemicals inside
the chamber. A manometer is also connected with the chamber in order to monitor
pressure.

Our experiment begins by placing the treated grating in the chamber. The two
ends of the fiber are connected to the OSA, in order to monitor the transmission
spectrum online. The chamber is sealed and an initial spectrum of our sensor is col-
lected, to be used as a reference. Next, liquid trifluoroethanol (TFE) is added in the
chamber. As the liquid evaporates the pressure rises. Spectra were collected every 5
minutes for up to 2 hours. After 2 hours, the gas outlet is opened to release the gas.
The gas inlet connected to the nitrogen tank is opened and, with the outlet open, the
nitrogen is let to flow through the chamber. The nitrogen inflow remains open for 10

minutes to flush all of TFE off the chamber. After 10 minutes of flushing, the outlet
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is closed to let the gas chamber to fill with nitrogen gas. Spectra are collected every
5 minutes for 1 hour with our sensor inside the nitrogen atmosphere. This is done to
study our sensors behaviour when the measurand is removed. After 1 hour passes
the gas outlet is opened to release pressure and remove our sensor off the chamber.

In order to remove any TFE that may be absorbed in the polymer film, the grating
is annealed at 130 °C for 15 minutes. After that, the sensor is used again for more

measurements. Data for multiple concentrations of TFE are gathered.

FIGURE 3.13: Experimental setup used to test our sensor’s sensitivity
to TFE vapors.
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Manometer

TFE inlet

Fiber sensor

Fiber Inlet iber Outlet

FIGURE 3.14: Diagram of the experimental setup depicted in
Fig.(3.13).

3.4.2 Experimental setup: Perfluoroctanoic Acid (PFOA) sensing in aque-

ous solutions

PFOA was procured from Sigma-Aldritch Co. in solid form. A 100 ppm aqueous
solution is created. By diluting this solution with more water smaller concentration
solutions are created for our experiments.

The sensor is first suspended using one fiber holder and a potentiometer, leaving
the P(VDF-TrFE-CTFE) overlaid grating area in the middle. The potentiometer is
used to make sure that strain remains constant throughout our experiments. The two
ends of the fiber are connected with the OSA in order to collect transmission spectra
during the experiment. An initial spectrum of our grating is collected and will be
used as a reference. A XZ-micro translator is placed right under the grating area.
A microscope glass with some deionised water is placed on the XZ-translator. The
XZ-translator is raised so that the water puddle that has formed on the microscope
glass completely envelops the grating area. It is important to make sure that the
glass surface does not come to contact with the grating as this will put extra strain
on the grating.

With the grating submerged in the water puddle spectra are collected every 5

minutes for a total 40 minutes. This is done to condition our sensor in the solvent
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(water) environment and to gather data in order to deconvolute the spectral changes
due to the solvent from the ones due to the solute (PFOA).

After 40 minutes the microscope glass with the DI water, is removed from the
XZ-translator. We place a new microscope glass with a aqueous solution of PFOA
(data for multiple concentrations, are gathered). Data were gathered every 5 minutes
for 40 minutes.

Finally, the microscope glass with the solution, is removed and a microscope
glass with DI water is put in its place. This is done to clean our sensor from any

PFOA residues. Again, data are gathered every 5 minutes for a total of 40 minutes.

XYZ-micro translator
mounted with a

FIGURE 3.15: Experimental setup used to test our sensor’s sensitivity
to PFOA aqueous solutions.
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XZ-translator

FIGURE 3.16: Diagram of the experimental setup depicted in
Fig.(3.15) .

3.5 Properties and uses: P(VDF-TrFE-CTFE)

Polyvinylidene fluoride (PVDEF), is part of the fluoropolymers family; a group of
specialised, versatile polymeric materials with distinct properties that result from
the strong bond between their carbon atoms and fluorine atoms and the fluorine
shielding of the carbon backbone. PVDF is a specialty polymer with pyroelectric
and piezoelectric properties and is used in the manufacturing of diverse high-purity,
high-strength, and high-chemical-resistance products for applications in electrical,
electronic, biomedical, construction, fluid-systems, oil-and-gas, and food industries.

PVDF is a semicrystalline, thermoplastic polymer. Its degree of crystallinity
varies in the range of 35 - 70%, depending on the method of preparation. What
makes it special is that it has a unique combination of mechanical and electrical
properties (i.e., piezoelectricity), retains high standards of purity, and possesses high
resistance to most chemicals including solvents, acids, and hydrocarbons.

There are five known crystalline forms in PVDF: alpha, beta, gamma, delta, and
epsilon. The beta phase is the most commonly used form, and together with the
alpha and gamma phases constitute the major phases.

The alpha phase is non-polar and is generated in the melting process from melt

crystallisation at any temperature. The beta phase is an oriented phase that results
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from the mechanical deformation of the specimen via uni-axial or bi-axial mechan-
ical drawing below 70 °C. It is the most used for piezoelectric applications. The
gamma phase is a special form that develops under specific circumstances. It can be
generated through crystallisation at temperatures close to the melting point of the
alpha phase via melt casting or solution casting [45].

The beta phase of PVDF has attracted much attention over the years and has been
studied extensively due to the many applications of electroactive polymers. Namely,
PVDF has been extensively applied in sensing and actuating (e.g. in acoustic emis-
sion monitoring, controlled displays, robots, artificial muscles) due to its inherent
piezoelectric effect [46].

However, PVDF favors the alpha phase over all others due to its thermodynamic
stability. In order to increase the beta phase and simultaneously reduce the crys-
tallinity of the alpha phase, many methods have been developed during the prepa-
ration of PVDF materials. Copolymers of PVDEF, such as P(VDF-TrFE), have been
synthesized to achieve an intrinsic beta phase crystal while improving on the piezo-
electric characteristics of PVDE. A lot of copolymers of PVDF have been synthesised
over the years to both improve on the piezoelectric response and introduce certain
desired characteristics on the polymer (e.g. greater elasticity or rigidity, transparency
etc)[47][46].

By adding another "defect" on P(VDF-TrFE) a new copolymer has been created
with ferroelectric relaxor rather than normal piezoelectric characteristics; the poly(vinylidenefluoride-
trifluoroethylene— chlorotrifluoroethylene) terpolymer [P(VDF-TrFE-CTFE)] [48]. Re-
laxor ferroelectrics are materials that exhibit high electrostriction. Electrostriction is
a mechanism that all materials possess and it consists of a mechanical displacement
as a response to an electric field. The main differences between electrostriction and
piezoelectricity are that: for electrostriction strain-field relationship is squared, elec-
trostriction distortion does not depend on the direction of the electric field and that

all materials, not just some special crystal groups, exhibit it to some degree[49].
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FIGURE 3.17: Chemical structure of P(VDF-TrFE-CTFE) [50].
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FIGURE 3.18: Comparison of the polarization hysteresis of the nor-

mal ferroelectric polymer (dashed curve, large hysteresis) and relaxor

ferroelectric polymer (black curve, small hysteresis) at room temper-
ature[51].

In our experiments, P(VDF-TrFE-CTFE) is used as a kind of "attractor" for the
fluorinated substances we wish to sense. Fairuza Faiza et al. have reported that
using a PVDF film on a fiber sensor can utilize the polymer’s ferroelectric properties
due to the presence of the beta or gamma phase in the polymer structure. The surface
charge on PVDF can help in binding with PFOA in aqueous solution through dipole-
dipole or hydrophobic interactions, since the contaminant has a carboxylate group

that interacts strongly with polar substances and also an octyl group, which is inert
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and hydrophobic [23]. The same can be inferred for P(VDF-TrFE-CTFE) and its
interaction with PFOA as well as TFE.

Furthermore, we investigated the different response of our sensor depending on
whether the P(VDF-TrFE-CTFE) film is in amorphous, crystalline or poled state. To
establish at which temperature the P(VDF-TrFE-CTFE) film must be annealed for

crystallization to occur differential scanning calorimetry (DSC) was used.
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FIGURE 3.19: DSC curves for P(VDF-TrFE-CTFE).

From the DSC curves it is apparent that crystallization occurs during cooling

between 100 and 110 °C, while melting occurs at 120 °C.

3.6 Properties and uses: 2,2,2-Trifluoroethanol (TFE)

TFE is one of the two fluorine compounds used to test our sensors sensitivity TFE
is the organic compound with the formula CF;CH,OH. TFE is a colourless, water-
miscible liquid that has a strong alcohol smell. Having a relatively low flash point,
TFE tends to evaporate quickly off surfaces at room temperature. That is one of the

reasons we chose TFE to test our sensors sensitivity to fluorinated gases.
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FIGURE 3.20: Chemical structure of TFE [52].

Properties
Chemical formula CF;CH,OH
Molar mass 100.04 g/mol
Density 1.3842 g/ml (at 20 °C)
Melting Point -44 °C
Boiling Point 74 -75°C
Flash point 29 °C
Vapor Pressure 70 mm Hg (at 25 °C)
Refractive index nyo,p=1.2907

FIGURE 3.21: Physical and chemical properties of TFE [53].

TFE is produced industrially by hydrogenation or the hydride reduction of deriva-
tives of trifluoroacetic acid, such as the esters or acyl chloride [54].

TFE serves as a solvent and a raw material in organic chemistry and biology. TFE
is a solvent of choice for hydrogen peroxide-mediated oxidations of sulfides. TFE
acts as a protein denaturant. It is used in the manufacture of certain pharmaceuticals
and drug substances[24]. Namely the drug Forane (Isoflurane), which is used for
general anesthesia[25]. It is an effective solvent for peptides and proteins, and used
for NMR-based protein folding studies, and in the manufacture of nylon. As a source
of the trifluoromethyl group, it is employed in several organic reactions[24].

TFE’s wide use in both industry and medicine births the need for real time mon-
itoring of its concentration in both the atmosphere, for safety reasons, and, directly,
in the field of application. This proves to be especially crucial in the field of medicine

where imprecise dosology can render a substance from therapeutic to toxic.
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3.7 Properties and uses: Perfluoroctanoic Acid (PFOA)

PFOA is the second perfluorinated chemical used to test the sensitivity of our sen-
sor. PFOA is a completely fluorinated organic acid that is produced synthetically
as its salts. It has the appearance of a white solid with a pungent odor. The typical

structure has a nonbranched chain of eight carbon atoms (CgHF;50,).

FIGURE 3.22: Chemical structure of PFOA [55].

Properties
Chemical formula CgHF;50,
Molar mass 414,07 g/mol
Density 1,792 g/cm? (at 20 °C)
Melting Point 54.3 °C
Boiling Point 192.4 °C
Flash point 98.5 °C
Vapor Pressure 0.155 mmHg (at 25 °C)
Refractive index nyo/p= 1.387
Solubility in water 34 ¢g/1(at20°C)

FIGURE 3.23: Physical and chemical properties of PFOA [56] [57].

The industrial production of perfluoroalkyl carboxylates started in the late 1940s.
Two principal production processes are used to manufacture PFOA, viz. electro-
chemical fluorination and telomerization. PFOA can also appear as a result of degra-

dation of some precursors, e.g., fluorotelomer alcohols. The ammonium salt of
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PFOA is primarily used as an emulsifier or ‘processing aid” in industrial applica-
tions, for example, in the production of fluoropolymers such as polytetrafluoroethy-
lene, but also produced for fluorosurfactant use. Typical uses include fluoropoly-
mers in electronics, textiles, and nonstick cookware, and fluorosurfactants in aque-
ous filmforming foams used for fire fighting.

Like most industrial chemicals, when disposed, PFOA manages to find its way
to an aquifer and from there infiltrate the rest of the environment. Once in the en-
vironment, PFOA is persistent and not known to undergo any further abiotic or
biotic degradation under relevant environmental conditions. PFOA is highly water-
soluble and typically present as an anion (conjugate base) in solution. It has low va-
por pressure; therefore, the aquatic environment is expected to be its primary sink,
with some additional partitioning to sediment. The presence of PFOA in the Arctic
indicates the long-range transport of PFOA (e.g., via ocean currents) or of volatile
precursors to PFOA (e.g., via atmospheric transport). Accumulation of PFOA in
wildlife is much less than in humans.

Studies with animals fed PFOA for a long period showed effects on the stomach,
liver, and thyroid hormones. Animal studies also indicate that PFOA may cause
cancer at relatively high levels. PFOA has also been shown to be a developmental
toxicant, and to have effects on the immune system. PFOA affects primarily the liver
and can cause developmental and reproductive toxic effects at relatively low dose
levels in experimental animals. It increases the tumor incidence in rats, mainly in
the liver. The carcinogenic effects in rats appear to be due to indirect/nongenotoxic
modes of action. Epidemiological studies in PFOA-exposed workers do not indicate
an increased cancer risk. There is relatively consistent evidence of modest positive
associations between serum levels of PFOA and cholesterol, uric acid, and liver en-
zyme levels[55].

The adverse effects of PFOA to human health and its constant bioaccumulation
has raised much concern over the years. Monitoring water sources regularly to de-
tect its concentration may prove crucial for the general public health. Furthermore,
monitoring the concentration of PFOA in bodily fluids of cattle may give us some

insight on how severely the food chain has been contaminated.
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Chapter 4

Results and Discussion

4.1 TFE vapor sensing

In this section we discuss the results of our experiments using TFE vapors. Our sen-
sor was exposed to different vapor pressures of TFE. Specifically, 1, 2, 5, 10 and 20
ul of TFE were dropped inside the gas chamber and let to evaporate. Knowing the
gas chamber volume to be 0.5 litre, the ppm concentration (u//I) is calculated to be
2 (for 1 ul), 4 (for 2 ul), 10 (for 5 ul), 20 (for 10ul) and 40 (for 20ul) ppm respec-
tively. Using these concentrations, data for the P(VDF-TrFE-CTFE) polymer film in
its amorphous phase and its crystalline phase, were collected. Data for the thermally
poled phase were collected for the 2 ppm concentration. As discussed above, after
each exposure our sample was let to rest for 1 hour in a nitrogen atmosphere before it
was removed from the chamber and thermally annealed to 130 °C to remove any TFE
residues. In the case of the crystalline sample, after each measurement the sample
had to be annealed all over, as annealing at 130 °C renders the P(VDF-TrFE-CTFE)
polymer film amorphous.

By using a spectrum of our sensor at equilibrium as a reference, spectral shifts
versus time are calculated. To be precise, we measure the spectral shifts of the fun-
damental mode and a specific cladding mode (located at 1530.7 nm). This is done in
order to determine the physical cause of these shifts. The results for the amorphous,
the crystalline phase and the thermally poled phase are presented in the sections

below.
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4.1.1 TFE sensing using amorphous P(VDF-TtFE-CTFE) overlaid TOFBG

In Fig.(4.1) one can see the spectral shifts of the fundamental and the cladding mode
versus time of the amorphous P(VDF-TrFE-CTFE) overlaid TOFBG probe. Fig.(4.1)
shows that the fundamental and the cladding modes shift towards smaller wave-
lengths (blue shift). For the fundamental mode, which is spatially confined in the
core of the fiber, this indicates that the fiber is subjected to mechanical strain when
TFE interacts with the P(VDF-TrFE-CTFE) polymer transduction layer. For verifi-
cation purposes the temperature was monitored during those measurements and
found to be constant.
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FIGURE 4.1: Spectral shifts vs time of the fundamental and

cladding modes of a TOFBG grating overlaid with an amorphous

P(VDF-TrFE-CTFE) polymer thin film. The sensor was exposed to

TFE vapors of different concentrations for 2 hours and was let to re-
lax in a nitrogen atmosphere for 1 hour .



42 Chapter 4. Results and Discussion

0.02 - Amorphous phase
—~ 0.00
€
=
3
-0.02
£
3
E
S 0.04
2 A
-0.06
{|—8— Fundamental mode
—e— Cladding mode
V8 +—TF—F T T 7T

0 5 10 15 20 25 30 35 40 45
TFE concentration (ppm)

FIGURE 4.2: The maximum shift of the fundamental and the cladding

modes, observed for each concentration of TFE (i.e. the shift after 2

hours of exposure) vs the TFE concentration used for the amorphous
P(VDF-TrFE-CTFE) polymer layer.

For the cladding mode, which is modally bound in both the fiber cladding and
the overlaid film of the optical fiber, a shift towards blue indicates refractive in-
dex changes attributed to both physisorption/chemisorption and strain related ef-
fects occurring in the P(VDF-TrFE-CTFE) thin transduction film. A point of par-
ticular interest is the magnitude of spectral shift obtained for both the core and
cladding modes; this appears to be quite similar for both mode types. This fact
further strengthens the assumption that the negative spectral shifts observed for the
core and cladding modes, are predominately related to strain effects taking place in
the P(VDF-TrFE-CTFE) polymer overlayer.

Looking at Figs.(4.1,4.2) for the sensor overlaid with P(VDF-TrFE-CTFE) in the
amorphous phase, it is made clear that there is a relation between the spectral shifts
and the concentration of TFE. The more the concentration of TFE, the more our
spectra shift towards blue. Typical rise up time for the core and cladding spec-

tral shifts reaching plateau are of the order of 60 min, for sensors overlaid with
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P(VDF-TrFE-CTEFE) in the amorphous phase. Accordingly, studies were performed
for investigating the recovery behaviour of this sensing probe. After the AA Bragg
and cladding had reached a plateau, nitrogen gas is injected in the chamber at mod-
erate pressures of 1.2 Bar, creating a gas flow for washing out the TFE vapors. Nitro-
gen gas injection introduces a rather abrupt red shift in both the core and cladding
mode notches, which shift tends to stabilise after characteristic times of 10 min. This
indicates that residues of TFE physisorbed onto the P(VDF-TrFE-CTFE) surface may
have been removed from the gas flow. However, for prolonged recovery phases
(longer than 1h) a slow and spectrally shallow blue shift behaviour returns. This
might be an indication that TFE is being absorbed by the polymer in greater depths,

while continuing to diffuse inside of it even after the gas has been flushed out.

4.1.2 TFE sensing using policrystalline and thermally poled P(VDF-TtFE-CTFE)
overlaid TOFBG

For the crystalline phase, the same things seem to apply as in the amorphous phase
[Figs.(4.3,4.4)]. The major difference is that the magnitude of the shifts seem to shrink
the larger the concentration of TFE is. It is possible that by increasing the crystallinity
of the polymer with annealing we give raise to an elasto-optic effect that was latent
in the amorphous phase. The strain induced by the polymer-TFE interaction may
cause an increase to the refractive index of the polymer. An increase of the refractive
index could explain why the shifts become smaller and smaller as the concentration
of the gas increases, if the red shift due to the elasto-optic effect is greater than the

blue shift due to the mechanical compression of the grating.
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FIGURE 4.3: Spectral shifts vs time of the fundamental and

cladding modes of a TOFBG grating overlaid with a crystalline

P(VDE-TrFE-CTFE) polymer thin film. The sensor was exposed to

TFE vapors of different concentrations for 2 hours and was let to re-
lax in a nitrogen atmosphere for 1 hour .
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FIGURE 4.4: The maximum shift of the fundamental and the cladding

modes, observed for each concentration of TFE (i.e. the shift after 2

hours of exposure) vs the TFE concentration used for the crystalline
P(VDF-TrFE-CTFE) polymer layer.

To study the poled phase of the polymer,our sensor was thermally poled at 100
°C under 8 MV/m for 1 hour. The poled sample was the exposed to 2 ppm of TFE.
In Fig.(4.5) are presented, the spectral shifts of the fundamental and cladding mode
(~1530.7 nm) for different P(VDF-TrFE-CTFE) polymer film phases, when exposed
to 2 ppm of TFE gas. We observe that the curves for the poled and the annealed
phase are very similar. Due to the low fields applied we expect that the solely an-
nealed and thermally poled sample will exhibit similar crystallisation characteristics,

resulting in similar AA(t) curves.
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FIGURE 4.5: Spectral shifts vs time of the fundamental and cladding
modes of our sensor. Comparison of the different phases of the poly-
mer film.

4.1.3 Study on the reproducibility of results

Finally, to establish the repeatability of results, a new amorphous P(VDF-TrFE-CTFE)
overlaid TOFBG probe was fabricated and took repeated measurements for 2 ppm of
TFE, while applying intermediate annealing phase between different runs. Results

are presented in Fig.(4.6).



4.1. TFE vapor sensing

47

Al (nm)

AL (nm)

0.02 ]
0.00
-0.02
-0.04
-0.06
-0.08
-0.10
-0.12 3
-0.14 3

2" sensor (Amorphous phase)

Relaxation in nitrogen

—m— Fundamental mode (1°' trial/ 2 ppm)

-0.16 -

0.02
0.00
-0.02
-0.04
-0.06
-0.08
-0.10
-0.12 3

—&®— Fundamental mode (2"dlrial,f 2 ppm)
T 4 T T

T
0 50 100

T T
150 200

-0.14 4

—m— Cladding modes (1% trial/ 2 ppm)

—@— Cladding modes (2™ trial/ 2 ppm)
T L T E T
0 50 100
Time (min)

T T
150 200

FIGURE 4.6: Spectral shifts vs time of the fundamental and cladding
modes of a new sensor. Two measurements for the same concentra-

tion of TFE are made.

In Fig.(4.6) it is made obvious that exposure to same concentrations produce sim-

ilar results. Therefore, by applying consecutive annealing phases, the same sensing

probe can be reused, without exhibiting significant hysteresis for the concentration

conditions examined.

Another thing to note is the difference between the two sensors shown in sub-

sections 4.1.1-4.1.2 and 4.1.3. It is obvious that sensor of 4.1.3 produces considerably

higher shifts than the one presented at 4.1.1-4.1.2. This can be attributed to the dif-

ference between the thickness of the polymer film for the two sensors. A thicker film

may include more sights from which TFE can be absorbed/interact with the poly-

mer, resulting in more noticeable shifts. However, as it was already discussed, if the

film becomes too thick all effects to the fiber may be completely cancelled, as the

polymer-environment interface is too far away from the cladding.
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4.2 PFOA sensing in aqueous solutions

To study the sensitivity of our sensor to PFOA, we first prepare aqueous solutions
of PFOA of different concentrations. Namely, aqueous solutions of 5, 10, 20 and 50
ppm were prepared. The P(VDF-TrFE-CTFE) overlaid TOFBG probe was exposed
to those solutions and spectra were collected as a function of time. Similarly to
the experiments with TFE, the sensitivity of the sensor was studied as a function
of the different phases of the P(VDF-TrFE-CTFE) polymer (amorphous, crystalline
and thermally poled). As discussed in Section 3.3.2., the sensor is first submerged
in a puddle of deionised (DI) water to collect data regarding the effect of the solvent
and condition the sensor, before it is exposed to the PFOA solution. After that, the
sensor was submerged in DI water once more to be cleaned of any PFOA residue.
The sensor is submerged in DI water for a total of 40 minutes before it is immersed
again in the PFOA solution for another 40 minutes. Spectra are collected every 5
minutes for both processes. Again, the spectral shifts are shown as a function of
time.

Results are presented in Figs. (4.7, 4.8, 4.9).
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FIGURE 4.7: Spectral shifts vs time of the fundamental and cladding
modes of our sensor. The P(VDF-TrFE-CTFE) overlaid TOFBG probe
was studied for film being in its amorphous phase.
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FIGURE 4.8: Spectral shifts vs time of the fundamental and cladding
modes of our sensor. The P(VDF-TrFE-CTFE) overlaid TOFBG probe
was studied for film being in its crystalline phase.
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FIGURE 4.9: Spectral shifts vs time of the fundamental and cladding
modes of our sensor. The P(VDF-TrFE-CTFE) overlaid TOFBG probe
was studied for film being in its poled phase.

In Fig(4.7) the spectral shifts vs time for the fundamental and the cladding mode

(~ 1530.7 nm) for different aqueous solutions of PFOA, are presented. The amor-

phous phase of the polymer was studied first. All the graphs have been split in two
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different areas; one that depicts the spectral shifts while the P(VDF-TrFE-CTFE)
overlaid TOFBG probe is submerged in DI water and one that depicts the spectral
shifts while the probe is submerged in the PFOA solution. When the P(VDF-TrFE-CTFE)
overlaid TOFBG probe is first submerged in DI water a slight shift towards blue
is observed for the fundamental mode. This is most likely caused by the induced
strain in the polymer due to hydrophobic interactions. Molecules of hydropho-
bic substances (like P(VDF-TrFE-CTFE)), when surrounded by water, tend to ag-
glomerate in order to reduce their surface area that is exposed to water. It is possi-
ble that, by agglomerating, the molecules of the polymer squeeze the fiber grating
causing this shift. On the other hand, it is observed that the cladding mode near
1530.7 nm slightly drifts to larger wavelengths. This could be happening for two
reasons; either the mechanical strain due to the polymer-water hydrophobic inter-
action triggers a weak elasto-optic effect (similarly to what was hypothesized in the
case of TFE), inducing a refractive index raise in the cladding area, or, by submerg-
ing P(VDF-TrFE-CTFE) overlaid TOFBG probe in DI water, a higher refractive index
liquid, the effective refractive index in the cladding-environment interface is slightly
raised, causing a small shift to red. Either way, the shifts that are observed are quite
small. They could very much be just measurement errors. Unfortunately, the small
shifts persist even when we submerge our sensor in the PFOA solutions. To be pre-
cise, there is little to no change when the DI water is switched with the PFOA solu-
tion, meaning that our sensor does not seem to interact with the measurand in any
way.

Unfortunately, this picture seems to persist for all polymer phases and all PFOA
concentrations; no significant changes seen to occur with the addition of PFOA. This
is indicative that no significant interactions happen between the polymer and the
measurand. The agglomeration of the polymer molecules due to the hydrophobic
interactions may be to blame for that. As the polymer molecules aggregate, mak-
ing it denser, it is quite possible that surface defects through which PFOA could
be absorbed or interact with the polymer (such as pores), are becoming less or get

eliminated all together.
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4.3 SEM data

Finally, SEM images of P(VDF-TrFE-CTFE) overlaid fibers are presented. Namely,
three samples were studied: 1) a fiber that has been overlaid with P(VDF-TrFE-CTFE)
and annealed to 70 °C 2) a fiber that has been overlaid with P(VDF-TrFE-CTFE), an-
nealed at 70 °C and exposed to 2 ppm of TFE and 3) a fiber that has been overlaid
with P(VDF-TrFE-CTFE), annealed to 70 °C, exposed to 2 ppm of TFE and annealed

at 130 °C for 15 minutes for reconditioning the transductor.

FORTH-IESL SEl 12.0kv  X10,000 WD 8.5mm 1um

FIGURE 4.10: SEM image of the surface of the amorphous
P(VDF-TrFE-CTFE) polymer film of a pristine sample.
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FORTH-IESL SEI 15.0kY  X10,000 WD 8.3mm 1um

FIGURE 4.11: SEM image of the surface of the amorphous
P(VDF-TrFE-CTFE) polymer film exposed to 2 ppm of TFE.

FORTH-IESL SEI 15.0kY ¥5000 WDS82mm 1um

FIGURE 4.12: SEM image of the surface of amorphous
P(VDE-TrFE-CTFE) polymer film of a sample exposed to 2 ppm of
TFE and annealed to 130 °C for 15 minutes.
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The results of Fig(4.10) show that the film annealed at 70°C possibly exhibits
some crystallinity, appearing as dot-shape domains of typical dimensions of >0.5
um. Accordingly, by exposing the film to TFE [Fig(4.11)] these crystalline domains
vanish, indicating a possible surface dissolution process by the TFE. Finally, the re-
conditioned film at 130 °C [Fig(4.12)] shows again a large scale porosity, however
without the nano-crystalline domain of Fig(4.10), indicating only a partial reversibil-
ity to the initial condition. These SEM results indicate that a possible transduction
mechanism between the P(VDF-TrFE-CTFE) polymer and TFE is related to surface
dissolution effects, which in turn can also introduce swelling and volume dilation

effects of the polymer films, observed in the TOFBG spectral measurements.
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Chapter 5

Conclusion

In this master thesis we presented the development and capabilities of an optical
fiber chemo-sensor, sensitive to perfluorinated substances. Our sensor was based
on the sensing capabilities of a TOFBG in overlaid with a P(VDF-TrFE-CTFE) poly-
mer film, that was used as a transducer. The P(VDF-TrFE-CTFE) overlaid TOFBG
probe was exposed to TFE gas and PFOA aqueous solutions. The spectral shifts
of the fundamental mode ( 1550.5 nm) and the cladding modes ( 1530.7 nm), due
to the P(VDE-TrFE-CTFE) polymer film-measurand interaction, were recorded as a
function of time. Our sensor’s sensitivity to different concentrations of TFE gas and
PFOA aqueous solutions, was tested; being able to sense concentrations as low as 2
ppm. We also tested our sensor’s response and sensitivity in relation with the dif-
ferent structural phases of the P(VDF-TrFE-CTFE) polymer film (amorphous, crys-
talline and thermally poled).

The results we gathered using TFE gas proved to be quite promising, with the
collected SEM data indicating a direct link between amorphization of the polymer
surface and exposure to the perfluorinated vapors. On one of our sensors’” we recorded
spectral shifts ranging between -0.006 and -0.054 (+0.014) nm, depending on the con-
centration of TFE and the phase of the polymer. While the magnitude of the shifts
remains the same for the different phases of the polymer, the relation between shift
magnitude and concentration differs depending on the phase. For the amorphous
phase, the magnitude of the shifts increases with the concentration, while for the
poled and the annealed phase the opposite happens, possibly due to the rise of an
elasto-optic effect. We also fabricated a second sample to test our sensors consis-

tency. We collected two sets of data for the same concentration and found that the
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data curves are almost identical. This sample produced spectral shifts of the order
of magnitude of -0.12 (+0.014) nm. This indicates that depending on the fabrication
process, and especially the polymer film thickness, one sample can produce spectral
shifts of larger or smaller magnitude.

On the other hand, our results using PFOA were not as fruitful. Our sensor does
not seem to respond to PFOA solutions; possibly due to the hydrophobic water-
polymer interaction. Namely, we observe a slight spectral shift when the sample is
submerged in water, between 0 and -0.05 (+0.014) nm for the fundamental mode.
However, when the sample is submerged in the PFOA solution no major changes
seem to occur. Again, we studied the amorphous, crystalline and poled phases for
concentrations between 5 and 50 ppm, but our results do not lead us to any credible
conclusions.

Regarding the sensor’s fabrication process, a way to reliably control the thickness
and homogeneity of the polymer film, proves to be crucial for real life applications,
as it greatly affects the sensor’s sensitivity. Finally, apart from the P(VDF-TrFE-CTFE),

other polymers of the PVDF family should be tested as transducers.
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