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Palavras Chave Sensores de fibra ótica, Poliimida, Cavidades de Fabry-Perrot, Grafeno induzido
por laser (LIG), Cortisol.

Resumo O cortisol e amonia são indicadores chave para o desenvolvimento eficiente e sau-
dável de culturas para a aquacultura. Tendo isto em vista, este trabalho propõe
a aplicação de um sensor baseado em grafeno induzido por laser (LIG) para a
potencial quantificação e monitorização de cortisol e amonia em águas de aqua-
cultura. Os sensores desenvolvidos foram criados a partir do princípio da cavidade
de Fabry-Pérot. As cavidades foram preenchidas com poliimida e em alguns casos
foi lhes misturadas nano partículas de ouro. Os interferómetros foram testados
ao estiramento, temperatura e índice de refração, observando-se um aumento da
sensibilidade ao índice de refração devido à adição das nanoparticulas. O próximo
passo, passou por avaliar os melhores parâmetros do laser para criar uma camada
de LIG à volta dos interferómetros. Observou-se que para uma potência de 10%
e uma velocidade de inscrição de 100 mm/s, o LIG formado apresentava bastante
porosidade, era bastante homogéneo e tinha uma textura folhosa. Com recurso
a um laser de CO2 pulsado, a poliimida foi então irradiada e transformada em
LIG, criando uma segunda cavidade dentro do interferómetro. Devido a isto, a
resposta espetral dos interferómetros assemelhou-se ao efeito de Vernier. O com-
portamento ao índice de refração foi novamente avaliado, mostrando melhorias na
sensibilidade até 153 vezes devido à criação da cavidade de LIG. Os interferómetros
foram então funcionalizados para terem uma afinidade ao cortisol, sendo que esta
é uma abordagem inovadora, obtendo sensibilidades de -4.1±0.2 nm/log(ng/mL)
e -34±5 nm/log(ng/mL) para dois interferómetros sem e com nano partículas de
ouro misturadas na poliimida, respetivamente. O aumento da sensibilidade nestes
interferómetros é justificada com a presença destas nano partículas de ouro na po-
liimida. Foi também possível observar que os sensores são imunes à interferência
de substâncias como a glucose, sacarose, frutose e ácido ascórbico. No que toca à
detenção de amónia, obtiveram-se sensibilidades de -80±10 nm/ppm para sensores
onde foi misturada oxazina 170 perclorato na poliimida.



Keywords Fiber optic sensors, Polyimide, Fabry-Perrot cavities, Laser-induced graphene
(LIG), Cortisol.

Abstract Cortisol and ammonia are key indicators for the efficient and healthy development
of aquaculture cultures. With this in mind, this work proposes the application of
a laser-induced graphene (LIG) based sensor for the potential quantification and
monitoring of cortisol and ammonia in aquaculture waters. The developed sensors
were created from the Fabry-Pérot cavity principle. The cavities were filled with
polyimide and in some cases mixed with gold nanoparticles. The interferometers
were tested for strain, temperature, and refractive index, being observed an increase
in the sensitivity to the refractive index due to the addition of the nanoparticles.
The next step was to evaluate the best laser parameters to create a layer of LIG
around the interferometers. It was observed that for a power of 10% and an inscrip-
tion speed of 100 mm/s, the formed LIG was quite porous, homogeneous, and had
a leafy texture. Using a pulsed CO2 laser, the polyimide was then irradiated and
transformed into LIG, creating a second cavity within the interferometer. Due to
this, the spectral response of the interferometers resembled the Vernier effect. The
refractive index behavior was again evaluated, showing improvements in sensitivity
up to 153 times due to the creation of the LIG cavity. The interferometers were
then functionalized to achieve an affinity to cortisol, this being a novel approach,
obtaining sensitivities of -4.1±0.2 nm/log(ng/mL) and -34±5 nm/log(ng/mL) for
two interferometers without and with gold nanoparticles mixed into the polyimide,
respectively. The increased sensitivity in these interferometers is justified by the
presence of these gold nanoparticles in the polyimide. It was also possible to ob-
serve that the sensors are immune to interference from substances such as glucose,
sucrose, fructose, and ascorbic acid. Regarding ammonia arrest, sensitivities of
-80±10 nm/ppm were obtained for sensors where oxazine 170 perchlorate was
mixed in the polyimide.
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1

Introduction

1.1 Motivation

As quickly as the global population increased, the production and consumption of food
increased as well. Nowadays, the world produces more than 340 million tonnes of food per
year, resulting in a 1303 billion market of meat, poultry, and seafood [1]. Asia is the major
supplier of this market, from where, in 2020, 40% of the world’s production came, followed by
Europe (19,3%) and North America (19,1%). Worldwide, fish and seafood represented, in
2019, nearly 32% of the total food consumption. This number varies from country to country,
for example, in Portugal, each person ate 57 kg of fish and seafood on average in that year,
which represents almost 40% of Portugal’s total food consumption [2]. This constitutes a
huge pressure on the sea’s resources, indeed the consumption of fish and seafood is now four
times larger than it was 50 years ago, leading to a situation where the rate at which fish are
caught is greater than the rate at which they reproduce sustainably [3]. Catch limits were
imposed to preserve species and their wild stock, and sustainable ways to collect fish were
being increasingly popular. For this reason, aquaculture grew exponentially in such a way
that in 2015, 53% of fish and seafood came from aquaculture [3].

One of the biggest advantages of aquaculture is the high quantity of culture per volume
unity resulting in a higher culture density when compared with other methods. This enables
a more efficient and controlled way to monitor the crop and its environment. However, this
intensive practice produces a problem related to water pollution, the high quantity of living
organisms in such small spaces results in a dangerous accumulation of nutrients, solid wastes,
antibiotics, heavy metals, or pesticides [4] [5] [6]. In the first instance, this can affect the
quality and welfare of crops due to contaminants accumulation in fish’s body systems but
also cause illnesses in final consumers who eat these fishes. Ammonia accumulation represents
one of these pollution problems, its presence is related to water eutrophication as a result
of bacterial activity. For example, organic matter like food and excretions as a result of a
crop’s metabolic processes are transformed into ammonia by these bacterias [7] [8]. Besides
eutrophication, ammonia can be oxidated to nitrate or nitrite by microorganisms present in
waters [7] [9], this process is called nitritification and can be harmful to crops due to its toxic
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nature when occurring in high concentrations and due to the reduction of oxygen concentration
in water [9]. Some of the consequences of high ammonia concentration are: reduced growth
and feed intake, haematological/structural/morphological alterations, apoptosis, and reduction
of immunocompetence [9]. To avoid these problems, some regulatory entities such as the Food
and Agriculture Organization (FAO) advise that ammonia levels should not exceed 20 ng/mL
or 200 ppb [10]. So it’s important to monitor and control the concentration of ammonia in
aquaculture waters as it plays an important role in the quality, and health of the crop and, in
the last instance, in the health of consumers. Furthermore, like human beings, fishes have as
well the cortisol hormone which is highly related to stress but also plays important roles in
blood pressure control, cardiovascular balance, and several other physiological functions. In
aquaculture waters, high levels of cortisol (cortisol concentration can reach up to 10 ng/ml
[11]) can be an indication of overcrowding, poor water quality, changes in the ecosystem
conditions, diseases, or infections [12][13]. These conditions affect directly the crop as some
fishes end up dying, and others end up feeding less resulting in a decrease in production
efficiency, quality, and price of fish. This shows the importance of monitoring the cortisol
concentration in aquaculture waters for the welfare of fish and for producers.

Normally, techniques such as mass spectrometry, high-performance liquid chromatography,
or colorimetric analysis are used for the quantification of cortisol and ammonia. These must
be performed by specialized personnel and require expensive equipment and a long transport
of the sample to the laboratories. This is seen as a disadvantage compared to other recent
technologies.

Optical fiber sensors have proven useful for quantifying ammonia and cortisol in aquaculture
waters, it has been shown to be faster, smaller, and simpler technologies than traditional
techniques. In fact, the development and application of optical fiber sensors grew exponentially
in the last decades as they demonstrate a huge versatility in different environments and the
capacity of multiplexing several types of information in one device [14]. Nowadays, its usage
is widely spread over automotive, food, and technology industries as it can be used as a
humidity, strain, chemical, and biological sensor [14][15]. More recently, another technology
has revolutionized the field of materials. Graphene has proven to be a super material in terms
of its characteristics and applications. Indeed, after its synthesis in 2004, graphene rapidly
became one of the most studied materials with a wide range of applications like photonics
and electronics [16]. Graphene and other carbon allotropes also show electrochemical sensing
features that can be implemented to detect aquaculture parameters [17][18].

1.2 Objectives

This work focuses on the development of highly sensitive fiber optic sensors with potential
application for the detection and monitoring of crucial analytes present in aquaculture waters.
The substances targeted in this work were ammonia and cortisol, which are of fundamental
importance in maintaining optimal conditions for crops to develop healthily and efficiently.

For this purpose, a series of interferometers utilizing the Fabry-Pérot cavity principle
were made using liquid polyimide as a base material. In some of them, gold nanoparticles

2



were introduced into the polyimide-based mixture to evaluate the impact of this addition on
their sensitivities. Besides that, to create interferometers specifically responsive to ammonia,
oxazine 170 perchlorate was mixed with the polyimide. All of them were subjected to strain,
temperature, and refractive index evaluation to assess their sensibilities and later, in a
novel approach, a CO2 laser was employed to induce the formation of a LIG layer atop the
interferometers cavity.

During this work stage, different laser parameters were used to assess the quality and
penetration of LIG within the Fabry-Pérot cavity. Once the ideal laser parameters were
determined, the interferometers underwent a further evaluation to assess any potential
alterations in their sensitivities resulting from the introduction of the LIG coating. For that,
the interferometers were again tested for the refractive index to evaluate whether there were
any changes.

Finally, the interferometers were functionalized to make them cortisol sensitive and their
performance was evaluated for sensitivity, selectivity, and pH responsiveness. Concerning
ammonia, some interferometers with and without the LIG coating were used for the detection.

This work presents a novel lab-on-fiber approach for the detection of cortisol and ammonia
using a functionalized LIG coating directly inscribed onto a Fabry-Pérot cavity. Furthermore,
as is shown by the wheel graph from fig. 1.1, this work encompassed several areas of knowledge
and therefore presents a complexity worthy of note.

Figure 1.1: Wheel graph representing each field approached in this work.
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2

Theoretical concepts and State of the art

The origin of light, as a word, is contemporary with the beginning of Mankind, with one
of the most interesting roots coming from the prehistoric Germanic term lingkhtaz, meaning
"something full of air and not heavy" as Jonh Ayto said [19]. In fact, this idea of something
massless lasts to the present day, but the nature of light has shown a big mystery for the
scientific community over time. On one hand, Isaac Newton describes the propagation of light
as a rectilinear motion of crepuscular particles but, on the other hand, Christian Huygens
explains reflection and refraction laws based on an undulatory theory, proved by Thomas
Young and its double split experiment. Albert Einstein claps them together suggesting
that light behaves as both wave and particle, known as the duality of light. To prove this
convergence, one can begin by understanding in which situations these behaviors manifest
themselves.

2.1 Opctical and Physical principles

James Maxwell, moved by undulatory theory, describes light as an electromagnetic wave
and, therefore, a conjugation of vibrations between an electric and magnetic field. From his
equations and assuming an undisturbed medium, the magnetic field, −→

H , the electric field, −→
E ,

and magnetic induction, −→
B , satisfy the following equation [20]:

−→
B = µ0

−→
H (2.1)

∇2−→
E − µ0ε0

∂2

∂t2
−→
E = 0 (2.2)

∇2−→
B − µ0ε0

∂2

∂t2
−→
B = 0 (2.3)

where µ0 = 4π× 10-7 Hm-1 is the magnetic permeability and ε0 = 10−9

36π Fm-1 is the electric
permittivity in vacuum. Both these differential equations correspond to the wave equation
and so the propagation speed, v, is described by:
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v = 1√
µ0ε0

= c = 2.998 × 108m/s (2.4)

where c is the vacuum light speed calculated by Fizeau [21], which proves the undulatory nature
of light. Furthermore, the electric permittivity and magnetic permeability are idiosyncratic of
the propagation medium. This implied that the speed of light varies with the medium, and
so, has been defined a ratio between vacuum speed and medium speed that describes the way
that light’s rays bend when they move between different mediums, known as the refractive
index (RI), n [22] [20]:

n = c

v
=

√
µε

µ0ε0
(2.5)

where ε and µ are de medium’s electric permittivity and magnetic permeability, respectively.
When an electromagnetic wave travels between two mediums with different refractive

indices, n1 and n2, part is reflected and part is transmitted, as can be observed in fig. 2.1a.
Assuming that wave propagation can be described geometrically as a linear motion, the angle
between the incident ray, θi, and the normal to the plane separating the two mediums are
equal to the angle between the refracted ray, θr, and the normal to that plane. This relation
called reflection law is given by [22] [20]:

θi = θr (2.6)

whereas, the relationship between the incident angle and the transmitted angle, θt, called
Snell’s law is given by:

n1 sin θi = n2 sin θt (2.7)

For the above case, n1 < n2 and consequently θt < θi although whenever n1 > n2 there
is an angle of incidence such that the angle of transmission is π/2, fig. 2.1b. For incident
angles greater than this, all light is reflected at the interface in a total internal reflection
phenomenon. This angle is the critical angle, θc, and is described by [22] [20]:

θc = sin−1(n2
n1

) (2.8)
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(a)

(b)

Figure 2.1: Behaviour of light traveling between different propagation media.

Although wave theory correctly describes much of optical science, there are nevertheless
some aspects that are not considered if the duality of light is not taken into account. For
example, the photoelectric effect demonstrates that when the light hits a metal surface,
electrons are emitted. The characteristics of the emitted electrons depend on the light
wavelength, which implies that light is composed of particles. In his quantum theory, Einstein
describes the energy of light as being carried by these particles, called photons. Its energy, E,
is proportional to the electromagnetic frequency, ν, [23]:

E = hν (2.9)

where h = 6.63 × 10−34 Js is the Plank’s constant. As described by Einstein’s theory of
relativity, every particle shows momentum and photons are no exception. However, photons
are massless particles and due to that, haven’t static energy, mc2. Photons’s momentum, p,
and velocity, v, are so defined by [23]:

p =
√

E2 − m2c4

c
= E

c
(2.10)

v = pc2

E
= c (2.11)

From eq. 2.11 it is concluded that photons velocity is equal to vacuum light speed, c,
which proves the corpuscular behavior and so the duality of light.

With the emergence of these discoveries, a new area of physics began to emerge and to
develop new tools based on the fundamental principles of optics. Among them, the arrival of
fiber optics opened the door to a whole new world of telecommunications and fiber optics-based
sensors. Many optical sensors with small dimensions, with high sensitivities, highly resilient
against electromagnetic interferences, and with better resolution were produced and showed
greater versatility in the number of parameters measured when compared with traditional
sensors [24].
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2.1.1 Optical Fibers

Optical fibers are a waveguide that transmits light throughout their axis and is composed
of a core, a cladding, and a coating, as represented in fig. 2.2a. To transmit light for
long distances, optical fibers use the principle of Total Internal Reflection (TIR) in order to
minimize losses to the cladding. To achieve it, the RI of the core, nCore, needs to be greater
than the cladding’s RI, nCladdling. For this purpose, the fibers are produced in such a way
as to obtain a step-index, like that represented in fig. 2.2b. The coating layer, for instance,
serves both to protect and strengthen the fiber and for the purpose of functionalization.

(a) (b)

Figure 2.2: (a) Schematic representation of a fibre and its constituents; (b) Representation of the
step-index.

Furthermore, considering fig. 2.3, when ray 1 goes into the fiber’s core undergoes a
deviation such that:

n0 sin θi = nCore sin θt (2.12)

where n0 is the RI of the propagation medium of light before entering the fiber. If the angle
ϕ is greater than the critical angle given by eq. 2.8 (sin θmax = nCladding

nCore
), then the ray suffers

TIR. So, there is a maximum angle, θmax, below which every ray is confined on the fiber’s
core. Otherwise, some intensity is transmitted to the cladding like ray 2. So θmax can be
define as function of nCore and nCladding [25]:

n0 sin θmax = (n2
Core − n2

Cladding)
1
2 (2.13)

The result of eq. 2.13 defines the cone formed by the rays guided by the fiber and is
defined as fiber’s Numerical Aperture (NA):

NA = (n2
Core − n2

Cladding)
1
2 (2.14)

The number of modes that can propagate over the fiber depends on the diameter of the
core, acore, on NA, and on vacuum wavelength, λc, as it is described by the following equation
[26]:

V = 2πacore
λc

(n2
Core − n2

Cladding)
1
2 = 2πacore

λc
NA (2.15)
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This is especially important to characterize an optical fiber, as it can be defined as Single-
Mode Fiber (SMF) if V takes values under 2.405 or Multi-Mode Fiber (MMF) if V takes
values above that number. Their major differences are related to the greater distance that
SMF can propagate light with low attenuation when compared with MMF. However, once
MMF can propagate several modes, it can also transmit more information than SMF. For
this reason, SMF and MMF have different applications.

Figure 2.3: Representation of the cone of acceptance formed by the incoming light rays.

The implementation of fiber optics in the telecommunication industry revolutionized it.
The rate at which information is delivered has accelerated rapidly, such as its quality, capacity,
and distance over which it can be transmitted. But the waveguide capability is only one of the
advantages of fiber optics, several sensors, lasers, and signal amplifiers have been developed in
the fiber itself based on the concept of multiplexing information [27].

2.1.2 Fabry-Pérot interferometer (FPI)

Interferometers based on Fabry-Pérot’s cavity using optical fibers are just one of these
applications. When an incident ray travels through a thin film, as the one represented in
fig. 2.4, part of the light may suffer multiple reflections and another part is transmitted as a
result of the reflectivity of the film’s surfaces. The transmitted light interferes and generates
a spectrum of destructive and constructive interference that depends on the film’s thickness,
L, the RI of the film’s material, nCavity, and, transmission angle, θt.

In this work, this principle is applied to optical fibers. In this case, one section of the fiber
is replaced with another material (air, polyimide, etc...), and the interface between fibers and
the material makes the reflective surfaces needed to achieve multiple reflections. In fig. 2.5 is
represented the apparatus where the light hits the interface with an angle θt null, then the
dip wavelengths are described by [28]:

λm = 4nCavityL

2m + 1 (m = 1, 2, 3, ...) (2.16)

Also, the distance between the adjacent dips or the so-called Free Spectral Range (FSR)
can be described by the following equation [28]:

FSR = λ2

2nL
(2.17)
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Figure 2.4: Representation of the multiple reflections that underlie the Fabry-Pérot cavity phe-
nomenon.

Figure 2.5: In fiber approach to realize an interferometer based on the Fabry-Pérot cavity.

From eq. 2.17 it is easily derived how the wavelength can vary:

∆λ = ∂λ

∂n
∆n + ∂λ

∂L
∆L = λ(∆n

n
+ ∆L

L
) (2.18)

As eq. 2.18 shows, the shift in wavelength depends on the variation of cavity’s RI and,
L, and so the interferometer spectrum may suffer deviations depending on external factors
such as temperature, pressure, or humidity variations that affect these parameters. In fact,
the cavity length, L, is obviously affected by strain forces but temperature can also make
the cavity expand or compress changing its length [29]. It is reported sensibilities range
between 0.6 pm/◦C to 5.2 nm◦C for temperature sensing applications [29][30][31][32][33], and
sensibilities range between 2.3 pm/µε to 13.9 pm/µε for strain sensors [29][32][31]. Some FPI
can also sense changes in relative humidity, it can absorb some moisture changing the cavity
RI, as was reported in [34] with a sensibility of 70 pm/%R or in [35] with a sensibility of 280
pm/%R. But much more sensing applications can be made using FPI, mechanical vibration
sensing, acoustic wave sensing, ultrasound sensing, voltage sensing, magnetic field sensing,
pressure sensing, flow velocity sensing, gas sensing, liquid level sensing, and RI sensing are
some other application referred in [36]. These reports show that FPI are good for a variety
of sensing applications, however, there are also ways to improve the performance of these
sensors. Specifically, through the Vernier effect.[37][38].
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2.1.3 Vernier Effect

A sensor based on this effect reported in [28] shows an increase in the sensibility of 14.2
times from 0.5361 nm/%R to -7.6221 nm/%R. Moreover, in [39] is reported a sensibility
increase of 2000 times from 1.4 pm/◦C to 33.06 nm/◦C. These enhancements allow the
fabrication of highly sensitive sensors for a wide range of applications.

The VE was initially used in length measurements, in devices like the caliper or the
micrometer where a sliding scale slides on a reference one. The scales are graded differently
but periodically they overlap and this effect is used to increase the measurement resolution
and precision [37][38]. For optical purposes, two FPI with different FSR can be used as the
sliding and the reference scales to enhance the sensitivity. As fig. 2.6 shows, the VE can be
achieved by placing the two FPI in a parallel or in a series configuration, both the spectrums
interfere with each other resulting in a series of fringes modulated by a Vernier envelope.
In addition to the use of FPI, other optical interferometers are used to achieve the Vernier
effect, such as Mach-Zender Interferometers (MZI), Michelson Interferometers (MI), Sagnac
Interferometers (SI), or a combination of these [38][37].

(a)
(b)

Figure 2.6: Schematic representation of the possible configuration for VE: (a) in series and (b) in
parallel.

In most cases where the Vernier effect is applied, the reference FPI is used in a static
configuration, i.e. it is kept at equal conditions during the entire sensing period, while the
sensing FPI is used as a sensor. In this case, the FPI reference, FPR, spectrum doesn’t
change, and, the sensing FPI, FPS , spectrum experiences a shift in wavelength, ∆λFPS, the
VE spectrum also shifts by ∆λVE, as it is shown in fig. 2.7a [37][38]. This configuration is
called the traditional Vernier effect [40][41]. However, other two phenomenons can occur when
the FPR is submitted to environmental variations as well: a) Vernier Effect Reduced - When
∆λFPR and ∆λFPS are both positive or both negative, the VE sensibility increase is lower
compared to traditional VE, like it is shown in fig. 2.7b [40][41]; b) Vernier Effect Enhanced -
In another hand, when ∆λFPR and ∆λFPS has opposite signs, the VE sensibility increase is
higher compared to VE traditional and to the VE reduced, as fig. 2.7b shows [40][41].

Taking into account the parallel configuration, the eq. 2.16, and eq. 2.17, FPR and FPS

are described by:
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(a) (b) (c)

Figure 2.7: Representation of the three different types of Vernier effect: (a) Traditional VE, (b)
Reduced VE, and, (c) Enhanced VE.

FSRFPR
= λ2

2nRLR
(2.19)

FSRFPS
= λ2

2nSLS
(2.20)

where nR, LR are the RI and cavity length of FPR and nS , LS are the RI and cavity length of
FPS . Then the FSR of the envelope can be defined by [40]:

FSRenvelope = FSRFPR
FSRFPS

|FSRFPR
− FSRFPS

| (2.21)

From eq. 2.21 it is concluded that the smaller the difference between the FSR, the greater
is FSRenvelope, however, its visualization ends up being conditioned by the wavelength range
covered by the equipment used to acquire the reflection spectra. Another parameter used to
characterize the Vernier effect is the magnification factor, M, which compares the amplification
related to each interferometer, M is then defined by [40][38][37]:

MFPR
= FSRFPS

FSRFPR
− FSRFPS

= Senvelope
SR

(2.22)

MFPS
= FSRFPR

FSRFPR
− FSRFPS

= Senvelope
SS

(2.23)

where Senvelope, SR, SS are the Vernier envelope, reference FPI and sensing FPI sensibilities,
respectively. From eq. 2.22 and eq. 2.23, it follows that the M factor increase with the decrease
of the difference between the interferometers FSR. On the other hand, higher M values result
in higher Vernier sensibilities. Although it is feasible to achieve high sensibilities, there are
some problems related to this. As discussed above, the equipment used for data acquisition
may be limiting when the wavelength shift is greater than the range covered. Besides that,
to achieve such high sensibilities it is necessary that the FSR of the interferometers are as
close as possible. According to eq. 2.17, the lengths of the cavities can be adjusted for this
purpose. However, it is experimentally difficult to obtain such small differences [38]. It is
therefore necessary to strike a balance between the limitations of the available equipment and
the desire for ultrasensitive sensors.
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Besides the relatively recent development of fiber optic sensors, another material has also
emerged with desirable properties for the same application. Since its discovery, graphene
and its derivatives have been useful in the development of increasingly versatile and dynamic
sensors.

2.2 Laser Induced Graphene (LIG)

Graphene is a two-dimensional transparent material with two atoms per unit cell as a
result of its hexagonal honeycomb structure, where each carbon atom bonds to three others
by covalent bonds. This characteristic forces the s orbital and two of the three p orbitals
to hybridize and form three sp2 orbitals. While the electrons of the sp2 orbitals bond to
each other forming σ bonds, the electrons of the p orbitals, which have not hybridized, bond
to each other forming π bonds that are delocalized over the sheet, as is shown in fig. 2.8a.
Once carbon atoms are indeed surface atoms, graphene is highly sensitive to its surrounding
environment making it suitable for sensing applications. Furthermore, graphene as a single
layer shows three acoustic and three optical branches as a result of phonon dispersion [42]. Fig.
2.8b represents the electronic (gray hexagons) and first phonon (red line) Brillouin zones in
addition to the Dirac cones due to electronic dispersion. Near K and K’ points and below 1 eV
the energy dispersion is described in such a way that forms these Dirac cones [43]. This linear
dispersion enables the electrons to behave in a manner similar to light. Besides that, graphene
has a low scattering rate and the conduction is near to ballistic [44]. Another great feature
presented by graphene is its mechanical strength making it one of the strongest materials, it
was already reported that graphene can present a modulus young up to 1.1 TPa [45].

(a) (b)

Figure 2.8: (a) Atomic structure of graphene and representation of the electronic cloud of the carbon
atoms. (b) Brillouin zone of graphene and representation of the electron dispersion in
the form of Dirac cones.

Since the first successful graphene preparation by micromechanical exfoliation method
[46], other preparation technics were developed: chemical exfoliation method [47], reduction
of graphene oxide method [48], epitaxial growth method [49], chemical vapor deposition
(CVD) method [50], and laser-induced graphene (LIG) [51]. Many of these preparation
methods produce high-quality graphene, however, some need an ultra-high vacuum and
high-temperature conditions, others use solvents or reduction steps that change the graphene’s
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features making it unsuitable for sensing applications, and others aren’t appropriate for
producing large quantities of graphene. However, LIG, despite its foamy and porous texture
and multi-layer graphene outcome, maintains the desirable conductivity and mechanical
properties that make it suitable for sensing proposes. Furthermore, special environmental
conditions, supplementary solvents, or reduction steps aren’t needed, making it an easier,
cheaper, and simple process [51] [52].

In the LIG method, a laser beam is focused on a substrate like a PI sheet, a polymer
composed of hydrogen, carbon, nitrogen, and oxygen. The laser beam heats up the PI and
produces LIG and gaseous molecules like CO, H2, and hydrocarbons (CxHyNz) [52]. This
process involves two steps: carbonization and graphitization. The first one, and considering a
CO2 laser, occurs at 673 K and produces an amorphous tetrahedral carbon arrangement in
which carbon atoms bond with each other by sp3 bonds. At 773 K, the gaseous substances
are released, sp3 bonds are broken and sp2 bonds are formed and the amorphous arrangement
crystalizes forming LIG [53]. The foamy and porous texture can be explained by this gaseous
release process. The formation of LIG is basically the same regardless of the type of substrate.
However, the interaction laser-subtract is different for different types of laser and some
processes are more prevalent than others: photothermal process (laser with a wavelength
larger than 400 nm) or photochemical process (laser with a wavelength smaller than 400 nm)
[52]. Indeed, for low-wavelength lasers, the photon energy is enough to break the chemical
bonds between atoms and generate LIG without much vapor releasing, as happens with
longer wavelength lasers, making the LIG less porous. Besides that, laser parameters play
an important role in LIG features. Different applied powers or different laser speeds change
the way that rearrangement and gaseous release occurs affecting resistance, conductivity,
thickness, and crystallite sizes, for example, [54].

Graphene and fiber optic sensors are two of the fastest-growing fields in recent decades,
much of this progress is due to the evolution of society into an age where the power of
information is valued as never before. As Kofi Annan said "Knowledge is power. Information
is liberating. Education is the premise of progress, in every society, in every family", this
principle is so ingrained in the way we live that it is unthinkable to imagine a future without
the constant flood of information we are subjected to.

2.3 Sensors

Sensors as a whole are a vital part of this development, as they are the eyes and ears
where Mankind can neither see nor hear. As they enabled the first trips to the moon, the
discovery of the Higgs boson, and the first images of black holes, among others.

Sensors are devices that can detect a stimulus, whether physical, chemical, or biological,
among others. Usually, they consist of a sensing and a transducer element, the last converts
the stimulus into an electrical or optical signal. The important characteristics that a sensor
relies on are its linearity, sensitivity, repeatability, selectivity, stability, and resolution. Optical
and electrical are the main types of sensors, where the first is more versatile, with a more
fast response, can multiplex multiple types of information, and is immune to electromagnetic
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noise. In fact, Fiber Optic Sensor (FOS)s are preferred because of all these characteristics
over their electrical counterparts.

There are several principles used by FOSs for the detection of any kind of physical,
chemical, or biological property. Besides the interference principle used by the FPI, MZI, MI,
SI as discussed above, here are some other principles used in FOS:

• Intensity - The light propagation through the fiber can be affected by physical or
chemical external variations. This can attenuate the light intensity and be used as a
sensing mechanism [55].

• Fiber Bragg Grating (FBG) - It is possible to periodically modify the refractive
index of the fiber core, creating a phase grating. This grating works as a reflector for a
specific wavelength, the Bragg’s wavelength. And, so the FBG-based sensors monitor
the variations of the Bragg peak in response to external stimulus [56]. One variation
from traditional FBGs is the Tilted Fiber Bragg Grating (TFBG)s, these gratings result
from the inscription of the grid tilted by an angle θTFBG in relation to the propagation
axis. Because of that, not only the forward and counter-propagation core modes are
coupled, as it happens in a FBG, but also the coupling between core and cladding modes
may occur [57]

• Evanescent Wave - The evanescent wave is a wave created when light, in an angle
greater than the critical angle, travels between mediums with different RI. The majority
of the light energy is totally internally reflected but some of them pass to the second
medium, forming an evanescent wave that decays rapidly. In an optical fiber, light always
travels with the characteristics described above, so the evanescent wave phenomenon is
used at the boundary between the fiber and the surrounding medium. The variation of
the evanescent wave spectral response due to variations in the surrounding medium can
be used as a sensing mechanism [58].

• Polarimetric sensors - In this type of sensor light polarization is used to detect the
external stimulus. The light is emitted with a known polarization that can be altered
due to the interaction with the medium, making it suitable for sensing applications [59].

• Surface Plasmon Resonance (SPR) based sensors - The SPR effects occur when
the light traveling through a dielectric material hits a metallic surface and originates a
collective oscillation of free electrons (surface plasmons) at the interface. For certain
wavelengths, their electric field couples with the surface plasmon leading to a resonance
condition that causes a huge decrease in the reflection at this resonance wavelength.
Using optical fibers coated with gold (Au) or silver (Ag), the same effect can be achieved.
As SPR is very sensitive to changes in refractive index at the metallic surface, it can be
used to detect chemical reaction that occur there [60].

In this work, is proposed the development of sensors with the potential for the detection of
analytes of interest in aquaculture waters. Many of these substances are biological components
such as proteins, hormones, toxins, Deoxyribonucleic Acid (DNA), and other biomolecules.
For that reason, the transducer layer is often composed of enzymes or antibodies that have an
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affinity for these analytes. Taking into account the characteristics of these sensors, they are
often called biosensors.

2.3.1 Biosensors: Cortisol and Ammonia

The importance of cortisol and ammonia detection has already been discussed and now it
is key to understand what has been done so far on this topic.

Most FOSs developed for cortisol detection use the SPR effect for this purpose. As SPR is
very sensitive to RI variations, the functionalization of the metal surface to cortisol allows the
chemical reactions between the analyte and its antibody to take place at the metal surface and
to be easily detected due to the local variation of refractive index. In [61], a TFBG coated with
Au was functionalized to cortisol using a mixture of anti-body, N-hydroxysuccinimide (NHS)
and ethylcarboiimide hydrochlorine (EDC) prepared in phosphate-buffered saline (PBS).
The lower envelope local maximum was followed obtaining a sensitivity of 0.275 ± 0.028
nm/ng.mL-1 and linearity until 10 ng/mL. In other work, a D-shaped optical fiber was also
coated with gold and functionalized obtaining a sensibility of 0.65±0.02 nm/log(ng/mL)
between 0.01 and 100 ng/mL [62].

Regarding sensors dedicated to ammonia were reported at [63] a FPI where the cavity was
filled with a mixture of a curable resin and oxazine 170 perchlorate, as oxazine reacts with the
dissolved ammonia, the cavity RI changes and a wavelength shift occur. The sensibility obtain
was as high as 4.3 nm/ppm. Besides that, in another article, a metallic layer was deposited at
the end of a polymeric optical fiber coated with oxazine, working as a mirror and enabling
sensor usage in reflection mode. The sensor proposed was capable of sensing ammonia at
concentrations as low as 100 ppb [10]. Oxazine was also used in [64] by dip-coating a plastic
optical fiber in it, creating an oxazine layer sensitive to ammonia. This sensor has a detection
limit of 1.4 ppm with under 10 seconds response time.

The high specific area of LIG’s surface is an interesting characteristic. It allows an
easier electron transfer between LIG and any analyte of interest. In this way, it can be
used as a transducer for electrochemical sensors. In fact, this sensing application for LIG
is widely reported, glucose [65], dopamine [66][67], ascorbic and uric acid [67] are some of
the interest analytes which can be detected by electrochemical sensors using LIG. It is
reported as well, a very interesting nitrate and ammonium sensor [68]. This study proposes
to develop a solid-contact ion-selective electrode (SC-ISE) based on LIG produced on a PI
sheet substrate using an Ultra-Violet (UV) laser. For ion selectivity, was used a mixture of
methyl triphenylphosphonium bromide and nitrocellulose dissolved in a solution of 2-propanol,
2-nitrophenyl octyl ether, PVC, tetrahydrofuran, and tri-dodecyl methylammonium nitrate to
functionalize the LIG electrode to be sensitive to nitrate. This electrochemical sensor showed
a sensitivity of -54.8 ± 2.5 mV/dec and a detection limit of 20.6 ± 14.8 µ M on dionized
water (DI water). Furthermore, the sensor was also tested in a complex environment (soil
matrix) and showed a similar performance when compared with commercial nitrate sensors.
Besides that, in [69] an electrochemical sensor based on Gold Nanoparticles (AuNPs) and
Graphene Oxide (GO) was proposed for cortisol detection. It showed a limit detection of 10-18
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mol/L and an operating range of between 0.5 × 1014 and 10-18 mol/L. Another AuNPs/GO
electrochemical sensor was developed with a –8.2443 log ((Cortisol concentration)ng/mL)
sensibility for a 0.1– 1000 ng/mL range [70]. This LIG’s electrochemical features can be used
in conjunction with the optical sensors shown above, for sensing proposes.

2.3.2 LIG and Optical fibers

A way to combine these different fields is described in [56]. Using a PI coated fiber was
possible to create a LIG layer around a TFBG structure, obtaining a sensibility enhancement
of almost 1.5 times when compared with sensors without the LIG coating. In another work,
[71] used a hollow-core fiber dipped coated in PI to make a LIG layer that has produced
an ultrawide humidity sensor capable of measuring the air moister between 5 and 95 %RH
with 0.187 dB/% RH sensibility. Most interesting was the work developed in [18], where an
electrochemical sensor for dopamine arrest was developed in a LIG layer created around an
optical fiber. It showed a sensitivity of 5.0 µA µM-1 cm-2 and high selectivity to dopamine.
These novel sensors are very promising and open a path to the development of hybrid sensors
using the optical characteristics of the fiber and the electrochemical characteristics of the LIG.
This approach is a recent advance with few dedicated papers, being an emerging technology,
especially due to the work presented in [56] and [18]. In both works a continuous CO2 laser
was used to produce LIG on the fiber surface. Fig. 2.9 shows the SEM images from [56] and
[18] work, as is possible to notice the LIG formed is porous and presents some homogeneity,
however, some substructures are observed as well. Furthermore, the cross-section image of
one of the fibers shows that all the polyimide has been transformed into LIG. These results
present a solid base for the creation of LIG in fibers coated with polyimide necessary for the
development of this work.

(a) (b)

Figure 2.9: Longitudinal and cross-section SEM images of LIG coated fibers from (a) [56] and (b)
[18].
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3

Experimental and Characterization

3.1 Experimental procedure

In the following sections are described all the experimental activities carried out to develop
the proposed sensors.

3.1.1 Interferometer fabrication

In this work, two SMF (Corning SMF-28e(125/8.2)) were cleaved and placed on a three-
dimensional positioner, like the one shown in fig. 3.1. One of them was also connected
to an interrogator (Luna HYPERION si255) to monitor its reflection spectrum. Using the
displacement screws and a stereomicroscope (Leica A60), the two SMF were aligned in order to
maximize the intensity of the fringes observed in the reflection spectrum (ENLIGHT Sensing
Analysis Software was used for all spectrum acquirements). Furthermore, a small gap was
left to be filled with liquid PI (Sigma-Aldrich, 5g) as represented in the scheme presented in
fig. 3.1. Note that with the current manufacturing process it is difficult to quantitatively
control the length of the cavity. After that, this montage was placed in the thermal chamber
(Climate Chamber 64L -70◦C to 180◦C WEISS TECHNIK, Model L C×64/70/3) to cure the
polyimide with the heat treatment beginning at 40 ºC with an increment of 5ºC/min until
170 ºC. This temperature was maintained for 20 minutes, then cooled down slowly to ambient
temperature. In table 3.1 are represented the cavity length (Gap) and the material that was
used to make it, as it can be noticed some of the FPI were made with a slightly different
process. Before the curing step, was mixed AuNPs and Oxazine in the PI glue. Further, in
3.1.3 and 3.1.5 will be described the amount of AuNPs and oxazine mixed with PI.

Table 3.1: Gap length and gap material of the different fabricated FPI.

FP1 FP2 FP3 FP4 FP5 FP6 FP7 FP8 FP9 FP10
Gap(µm) 105 125 182 175 218 172 182 195 157 231

Gap
Material PI PI

AuNPs
PI

AuNPs
PI

AuNPs PI PI PI
Oxazine

PI
Oxazine PI PI

.
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(a)

(b)

Figure 3.1: (a) Photography of the experimental setup for interferometer fabrication.(b) Schematic
representation of the gap filling and the curing process.

3.1.2 LIG inscription

After the fabrication, the interferometer was subjected to a laser irradiation in order to
transform the surface polyimide into LIG. The laser beam was passed along the fiber’s axis to
produce LIG, then the fiber was rotated 90◦, and again the laser was passed along. The same
procedure was made by rotating the fiber 180◦ and 270◦ in relation to the original position.
This produces a uniform LIG layer around the interferometer as represented in fig. 3.2. The
laser used was CMARK PRO 3 from Portlaser (CO2 pulsed laser with a wavelength of 10.6
µm) and the control software is PTLMark - CO2 developed by Portlaser. The power output
of the laser used is expressed in percentage of the maximum power that the system can reach.
For this reason, was necessary to measure the power in watts for different power percentage
outputs. The results are presented in fig. 3.2b.
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(a)

(b)

(c)

Figure 3.2: (a) Photography of the experimental setup where the fiber is placed into the holder and
put under the laser.(b) Laser’s output power percentage vs power measured in watts for
20, 40, 60, 80, and 100 kHz of pulse frequency, maintaining the pulse width constant. (c)
Schematic representation of LIG fabrication process.

3.1.3 Gold Nanoparticles Synthesis process

The use of AuNPs was required in this work at two distinct stages: for mixing with the
PI glue and for the fiber functionalization step.

The AuNPs were synthesized following the Turkevich protocol. This method uses gold
salts dissolved in a solvent, like water. The solution is heated until a boiling temperature
and a reduction agent is added to reduce gold ions (Au3+) to gold atoms (Au0). As the ions
are reduced, the atoms begin to nucleate and form nanoparticles, the size can be controlled
by adjusting the concentration of the salts, the reduction agent, or the reactions condition
such as temperature or stir frequency. Usually, an stabilizing agent is used to prevent the
aggregation of the AuNPs [72].

For this work, firstly a flask was washed with an aqua-regia solution (HNO3 (Sigma-Aldrich,
65%-67%):HCl (Sigma-Aldrich, 37%)=1:3) and a HAuCl4 solution (150 µl, 100 mM HAuCl4
in 14.85 mL DI water) was laid on it. The solution was heated to its boiling temperature and
then 1.8 mL of 38.8 mM sodium citrate solution (Sigma-Aldrich, 99.0%) ) was added. The
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final solution was heated to 110 ◦C for 5 minutes and then stirred for 10 more minutes. In
the end, the AuNPs were analyzed by UV-Vis spectrometer and showed a peak at 519 nm
that corresponds to an average size of 15 nm for the nanoparticles [58].

3.1.4 AuNPs coating and Cortisol functionalization

To coat the interferometers, it is important to first clean their surface of any impurities.
Normally, is used a Piranha solution (with a volume ratio of 3:1 of H2SO4:H2O2) to clean and
hydrolyze the fibers surface [58][73], however, the Piranha solution can be too aggressive to the
LIG layer, for that reason in this first step was used ethanol to prepare the fiber surface. The
interferometer was immersed in ethanol (Supelco, ≥ 99.9%) for 20 min and then it was dipped
in a 1% ethanolic solution of (3-Mercaptopropyl)trimethoxysilane (MPTMS) (Sigma-Aldrich,
95%) for 2 hours at 40 ◦C. The MPTMS solution acts as an adherence facilitator for the
AuNPs. Finally, the interferometer was immersed into the AuNPs solution for 12 hours
[58][73].

For cortisol functionalization, the previously prepared fibers with AuNPs were submerged
in 0.5 mM 11-Mercaptoundecanoic acid (MUA) (Sigma-Aldrich, 95%) for 5 hours, this step
creates a layer of alkane chains and carboxyl (-COOH) groups above the AuNPs layer. The
MUA contains a thiol (-SH) group that forms strong bonds with the AuNPs, besides that,
gives stability for the functional molecules. A bath of EDC/NHS solution for 30 minutes was
needed to attach the cortisol antibody. The solution contains 200 mM of EDC (Merck, 0.2
M) and 50 mM of NHS (Merk, 0.5M, 98%), this active the MUA’s carboxyl groups making
them more susceptible to bond with the antibody, and also ensures stronger bonds with the
functional groups and more stability. Finally, the interferometer was ready to be dipped in a
500 µg/ml solution of anti-cortisol (Bio-Rad) [58]. After 24 hours, the interferometers were
removed and the functionalization process ended. The cortisol functionalization process is
represented in fig. 3.3

Figure 3.3: Schematic representation of the cortisol functionalization.
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3.1.5 Ammonia functionalization

For ammonia detection, a new approach was implemented by simply mixing 1 mg of
oxazine 170 perchlorate dye (Sigma-Aldrich, 95%) with 1 ml of PI glue. Due to the high
viscosity of the PI glue, the mix was put into the centrifuge for 10 minutes to evenly blend
the dye into PI glue. In the process, the color has changed from a yellowish-orange hue to a
dark blue hue, as is possible to see in fig. 3.4 photographs.

(a) (b)

Figure 3.4: Microspopic photography of a FPI made with (a) polyimide and (b) oxazine mixed with
polyimide.

3.2 Characterization Techniques

To characterize structurally, morphologically, and investigate the optical characteristics of
the sensors, several techniques were used such as SEM, Raman spectroscopy, and Attenuated
Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR).

3.2.1 Scanning electron microscopy (SEM) and Energy Dispersive X-Ray (EDS)

Scanning electron microscopy (SEM) is a technique that enables a detailed analysis of the
morphology and composition of the sample’s surface. The main advantage over traditional
optical microscopy is the limit of resolution. While optical microscopy uses photons with a
wavelength on the visible spectrum as a source, which has a resolution limit of 200 nm, SEM
uses an electron beam. This gives a better resolution once the highly accelerated electrons
reach a few nanometres resolution [74].

Is important to understand what happens when electrons interact with the sample once
signal acquisition depends on these interactions. There are two major types: in elastic
scattering, the incident electron suffers a deflection as a result of the collision with the
specimen nucleus or with the outer shell electrons with suchlike energy. Little or no energy is
lost and the deflection angle is widely open, if this angle is greater than 90◦ the scattered
electron is called a backscattered electron (Backscattered Electron (BSE)) and gives very
important information to build the image. BSEs are constantly deflected by the sample’s
nucleus so they travel within the sample and emerge far from the beam spot. Because of that,
BSEs give information about the composition and features beneath the surface; in inelastic
scattering, the interaction between beam electrons and sample atoms causes a transfer of
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energy to these. If enough energy is transferred, atoms are ionized generating the emission of
secondary electrons (Secundary Electron (SE)) that are also important once they are emitted
near of sample’s surface, giving topological contrast information. Beyond SEs and BSEs, the
interaction between the electron beam and the sample originates the emission of characteristic
X-rays, auger electrons, cathodoluminescence photons, and some electrons can pierce the
sample (transmitted electrons) [75][74], as it can be seen in fig. 3.5.

Figure 3.5: Schematic representation of interactions between beam electron and sample.

Due to the small spot from which SE emerges (close to the beam spot) and low energy,
below 50eV, these electrons are easily attracted to the detector, usually an Everhart-Thornley
detector, by applying a bias over the scintillator (+10 Kev) and over the Faraday cage (+200-
300V). When electrons hit the scintillator, photons are generated that are photo multiplied and
the output signal is proportional to the number of SE that emerge from the spot. Detectors
of BSE like the Robinson detector are pretty similar to the Everhart Thornley SE detector
but without a Faraday cage. Due to the fact that BSE can emerge far from the beam spot,
the used scintillator has a hole that allows the beam to pass through and covers a large area.
Typically BSE has enough energy to excite the scintillator without the need of applying a
bias. This guarantees that SE isn’t detected and the detector will not disturb the beam. The
detector output is a signal proportional to the number of BSE that emerge from that spot
[74].

Besides BSE and SE, X-rays are also emitted as a consequence of the interaction of the
electron beam with the sample. This is the basis behind Energy Dispersive X-Ray spectroscopy
and the reason why it is done in conjunction with SEM. When the electron beam hits the
atoms, the electrons in the inner shell are ionized. Consequently, this empty hole left behind is
filled by electrons from the outer layers with energy emission corresponding to the difference
between the states involved in the transition. This energy is emitted in the form of a photon
as is the case of the characteristic X-ray. As different atoms have different transition energies,
the energy of characteristic X-rays can be associated with a specific atom. As the electron
beam travels through the sample, these characteristic X-rays are detected and it is possible
to identify the elements present. However, for elements with smaller atomic numbers, more
energy is required to ionize them and so they are difficult to detect [76][77].
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To analyze the sensors, the fibers were fixed to an aluminum holder using carbon tape
and the SEM images were performed using the TESCAN Vega3 SB equipment at the Physics
Department of the University of Aveiro, the SE were accelerated by a 15.0 kV bias. The
detector used for EDS analysis was a Bruker Xflash 410 M Silicon Drift.

3.2.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive technique that allows structural and chemical
analysis of the phenomena of the interaction of light with matter. One of the major advantages
is the ability to differentiate different atomic arrangements from the same atoms.

A simple model can be used to explain the phenomena used in Raman spectroscopy:
analyzing a vibrating diatomic molecule that can be represented as two masses (atoms) bound
by a weightless spring, is possible to define the vibrational frequency of the molecule as a
function of the masses and the elastic constant. This oscillator model applied to quantum
mechanics allows the determination of the well-defined vibrational energy states and an
understanding of the molecular vibrations resulting from light interaction with matter. Due
to this interaction, the sample’s electrons are excited to unstable "virtual" energy states and
quickly scattered to lower and more stable states, emitting a photon. If the initial and final
states are the same, no energy is transferred to the sample and the emitted photon has the
same wavelength as the incident one, through a process called Rayleigh scattering. If the
initial and final states are different, some energy is transferred to the sample and the photon
emitted has a different wavelength from the incident photon, in this case, the process is called
Raman scattering. Inside Raman scattering, there are two different phenomena: when the final
state is higher than the initial state is called Stokes Raman scattering; when the final state is
lower than the initial state is called Anti-Stokes Raman scattering. These interactions are
represented in the diagram of fig. 3.6. This energy transfer allows the molecule to experience
different vibrational states, so Raman spectroscopy gives important information about these
vibrations.

Figure 3.6: Diagram of (a) Rayleigh scattering, (b) Stokes Raman scattering, and (c) Anti-Stokes
Raman Scattering.

Raman spectroscopy has proven to be a very versatile tool to analyze carbon allotropes,
as it gathers information on the type of structure and, in the case of graphene and LIG, a
semi-quantification of the number of layers and the presence of defects.
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Graphene belongs to D6h point group and in the center, Γ, of the Brillouin zone six
normal modes occur: in-plane E1u and E2g (doubly degenerate); out-plane A2u and B2g

(doubly degenerate) [78]. Graphene modes aren’t ir-active once the two atoms per unit cell
are equivalent and so the dipolar momentum is unchanged around the equilibrium position.
However, E2g mode is Raman active since the polarizability is altered. Although, multiple-layer
graphene (MLG), like graphite, has four atoms per unit cell and in this case, non of the same
plane two carbon are equivalent [78]. Now, the four modes become Davydov-doublets: E2g

create in-plane atomic displacement E1u (ir-ative) and E2g (raman ative) modes; B2g creat
out-plane atomic displacement A2u (ir-ative) and B2g (inative) modes; A2u and E1u creates
rigid layer displacement B2g (inative) and E2g (raman ative) modes and two inative acoustic
modes A2u and E1u [78]. As shown in fig. 3.7, the Raman spectrum of SLG and MLG are
distinct due to the aforementioned Davydov-doublets enabling some to be Raman active.
These characteristic peaks act as identifiers of graphene quality and are originated from the
vibrations described above. The G peak ( 1580 cm-1) is associated with sp2 bonds stretching
(E2g mode). D peak ( 1350 cm-1 for 532 nm excitation) is related to the breathing modes of
the aromatic rings and is forbidden by selection rules. However, these rules don’t apply in
graphene edges [79] and in the presence of defects [80]. Its overtone, 2D ( 2700 cm-1), isn’t
forbidden once two phonons with symmetric momentum are part of the process complying
with the selection rules [81]. These three peaks are the most intense ones but others can be
seen on the Raman spectrum like D’ ( 1580 cm-1), also related to defects, and its overtone 2D’
( 4290 cm-1). Two smaller peaks as a result of the mixing of the bands can also appear: D+D”
( 2450 cm-1) and D+D’ ( 2950 cm-1) [81]. This zone from 1100 cm-1 to 3300 cm-1 is known
as the "graphene fingerprint" due to the amount of information it provides but other bands
beyond this region can be seen: 2D+G ( 4290 cm-1) and C ( 30-50 cm-1) [81].

The ratio between the intensity of the major bands can be also a useful tool to evaluate
the defects and crystallinity and can give an estimate of the number of layers. The ratio
ID/IG can provide an idea of the crystallinity, disorder, and defects, for high values the LIG
presents many defects and low crystallinity [82][83]. On the other hand, the ratio I2D/IG gives
information about the number of layers, as LIG have fewer layers for high values of I2D/IG [83].
However, it is also important to take into account the Full Width at Half Maximum (FWHM)
since it can qualitatively complement the ratio analysis.

The Raman spectrums were acquired using a Raman 532 ER (Wasatch Photonics, USA)
compact instrument, with a Cobolt 08-DPL (Hübner Group, Germany) 532 nm laser, from
the Physics Department at the University of Aveiro. Acopolated to the system is an optical
microscope (Olympus BH2-UMA) which was used in conjunction with a 100x lens with a
NA of 0.8. The fibers were put into a holder and placed under the laser spot. Typically, the
spectra were taken using 2 seconds integration with 10 accumulations using a laser output of
30 mW.
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Figure 3.7: Raman spectrum of single layer graphene (SLG) (top) and defected multiple-layer
graphene (MLG), adapted [81].

3.2.3 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
(ATR-FTIR)

Raman and FTIR are complementary techniques used to characterize molecular composi-
tion and structure. In FTIR, the interaction between Infra-Red (IR) light and the sample
originates the absorption or transmission of some frequencies that are recorded in an IR
spectrum. This spectrum shows the absorption bands of the sample relative to the functional
groups and structure. Furthermore, the peak’s intensity is proportional to the quantity of
these functional groups giving qualitative information about the sample’s composition. This
technique is versatile as it can be used to analyze gases, solids, and liquids [84].

IR radiation isn’t energetic enough to produce electronic transitions. However, molecules
can absorb some of this energy in the form of changes in dipolar momentum related to
vibration or rotations. A molecule’s potential to change its position is defined by its degrees
of freedom. Considering a molecule with N atoms, it has 3N total freedom degrees of which
3 describe translations and another 3 describe rotations (2 in the case of a linear molecule).
Thus the remaining 3N-6 (3N-5) describe vibrations [85]. Among the most common types of
vibration are: symmetric and asymmetric stretching related to the changes in inter-atomic
bonding distance; changes in the angle between bonds like in-plane rocking and scissoring,
and out-plane wagging and twisting.

In fig. 3.8 a schematic representation of an FTIR spectrometer is shown. The light that is
emitted from the light source is divided into two equal beams by a beam splitter. One of the
beams travels to a fixed mirror while the other travels to a moving one. After being reflected
they recombine in the beam splitter. This Mach Zehnder configuration allows, depending on
the position of the moving mirror, different frequencies to constructively interfere generating
an interferogram. The light then travels through the sample, where the frequencies relating
to the vibrations are absorbed and the rest is transmitted and recorded by the detector in the
form of the interferogram. A computer applies the FT method to convert the interferogram
into an IR spectrum to acquire the intensity of individual frequencies.
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Figure 3.8: Schematic representation of an FTIR device.

In some cases, the preparation of samples and spectrum acquisition can be challenging
to perform under a conventional FTIR spectrometer. Due to that, a more versatile sample-
managing technique was developed. The ATR-FTIR method uses the TIR phenomenon to
generate an evanescent wave that interacts with the sample. The IR radiation travels across
an ATR-FTIR crystal (diamond, ZnSe or Ge [86] [87] [88]) that is in contact with the sample.
The incidence angle needs to be greater than the critical angle to fulfill TIR conditions. The
evanescent wave created will be altered or attenuated in regions of the IR spectrum where the
sample absorbs energy. These changes are measured and displayed as a spectrum.

The fibers were placed in the ATR-FTIR holder and compressed with the crystal to achieve
the TIR. The equipment used was a IR spectrometer (Brunker Alpha Platinum, Germany
with a crystal of diamond), with a 4 cm-1 resolution and 32 scan sweep from the chemistry
Department at the University of Aveiro. During the analysis, the room temperature was 23◦

and 35% of humidity.

3.2.4 Optical measurements

The FPI sensors described in section 3.1.1 were submitted to strain, temperature, and
RI tests. For the strain tests, the fibers were glued into two supports (the glue points were
separated by 50 mm), one of which was a linear positioner that allowed the fiber to be
stretched at 2 µm steps, from 0 to 8 µm, and, back. The reflection spectrums were collected
using the interrogator and the data were analyzed on Origin. For the temperature tests,
the fibers were placed inside a thermal chamber and the temperature was increased in 5◦C
steps from 25◦C to 45◦C and the reflection spectrum was acquired using the interrogator.
For RI analysis, firstly, eighth glucose concentrations were prepared using D-(+)-glucose (≥
99.5) from Sigma-Aldrich, and their RI were determined using a refractometer (Abbemat 200,
Anton Paar), obtaining 1.333, 1.334, 1.339, 1.346, 1.359, 1.368, 1.378, 1.387 RIU for 0, 1,
5, 10, 20, 30, 40 and 50 % (w/v) glucose solutions, respectively. After that, the fibers were

26



cleaned with DI water (Milli-Q water purification system) and immersed in each solution for
three minutes, acquiring the reflection spectrum at the end.

For cortisol detection, 0, 0.01, 0.1, 0.5, 1, 2, and 3 ng/mL solution of cortisol (Sigma-Merck)
were prepared. A stock solution was made using 1 mg of cortisol dissolved in 100 µL of ethanol
and in 10 mL of PBS (pH=7.4, 10 mM, Fisher Bioreagent). This 0.099 mg/mL solution was
diluted into the concentration described above. All the fibers were initially cleaned with
PBS and then immersed in each solution for 5 minutes, taking the reflection spectrum at
the end. Also, the selectivity for cortisol was tested, for this propose four solutions with 3
ng/mL of glucose, fructose (Himedia, 99-102%), sucrose (JMGS, LDA, 1 kilo), and, ascorbic
acid (L-Ascorbic Acid from Fisher Chemical, ≥ 99%) were prepared using the same process
described above. In the end, the FPI response was tested to pH using a solution of acetic
acid (pH3, Fisher Chemical, ≥99.7%), ethanol (pH6), and, potassium hydroxide (pH10 and
pH14, Fisher Chemical, ≥85.0%), for this one, two different concentrations were prepared.
For all the solutions, the pH was measured with a strip of litmus paper.

Finally, ammonia (LabKem, 0.9Kg/L) solutions of 0, 100, 200, 300, 400, 500, 600, and,
700 ppb were prepared for the detection. Firstly, an ammonia stock solution of 7000 µg/L
or 7000 ppb was prepared by diluting 78 µL of ammonia in 9.922 mL of DI water. This
solution was later diluted in DI water to make all of the intended solutions. The fibers were
initially cleaned with DI water and then immersed in each solution for 5 minutes, recording
the reflection spectrum at the end. The experimental setup for testing the FPI is represented
in fig. 3.9.

All experiments were carried out at a temperature of approximately 21◦C.

Figure 3.9: Schematic representation of the experimental setup used for testing the FPI.
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4

Results and Discussion

4.1 Optical Analysis

The FPI fabricated by the process described in section 3.1.1 were submitted to strain,
temperature, and, RI tests to evaluate their response to external stimuli.

4.1.1 FPI Analysis Before LIG Inscription

Firstly, FP1, FP2, FP3, FP4, FP5, and, FP6 were submitted to stretching tests and the
results are presented in fig. 4.1.

(a) (b) (c)

(d) (e) (f)

Figure 4.1: Strain reflection spectrum of (a) FP1, (b) FP2, (c) FP3, (d) FP4, (e) FP5 and (f) FP6.

As is possible to observe, two different phenomenons occur: while the reflection spectrum
of FP1 and FP3 just shifts, the spectrum of FP2, FP4, FP5, and FP6 changes considerably,
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occurring a kind of coupling between two signals. Due to the distensive forces applied, a
second cavity could appear between SMF and PI and justify this phenomenon, as shown in fig.
4.2a. In this case, a void cavity and the polyimide cavity would make up the interferometer,
achieving a Vernier effect, as discussed above in section 2.1.3. However, the two cavities
produce signals with different FSR, since both the RI and the length of the cavities are quite
different. This implied that the modulation obtained is different from the beat-like signal,
fig. 2.6, that normally occur with Vernier effect. To prove this hypothesis, the Vernier effect
was simulated in the case where the FSR of the signals are 25 times different. As can be
seen in fig. 4.2b, for signals with a huge period difference, the effect obtained is similar to
the one identified in the FP2, FP4, FP5, and FP6 spectra, proving the suggested hypothesis.
Although this phenomenon has amplified the sensitivity, the used equipment does not cover a
sufficient wavelength range to follow the variation. Nevertheless, the analysis of the signals is
quite complex because the constant stretching caused by the strain tests makes the size of the
cavity vary during the whole test, altering consequently the FSR of the Vernier envelope. It
was concluded that when this phenomenon happens it is not possible to analyze the strain
sensitivity of the sensor.

(a)

(b)

Figure 4.2: (a) Schematic representation of the void creation during the strain tests; (b) Simulation
of the Vernier effect applied to the FPvoid and FPpolyimide case.

Only in the FP1 and FP3 interferometers did not occur the void phenomenon, and for
these FPI, a peak was then monitored during the tests. A redshift was observed with the
applied strain and a blueshift when the strain was relieved. The experimental points obtained
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are represented in the graphs of fig. 4.3. The FP3 sensibility was higher when compared with
FP1, with 4.5 pm/µε and 1.9 pm/µε during the increase of strain, respectively, and with 6.0
pm/µε and 2.3 pm/µε during the decrease of strain, respectively. These results are of the
same order of magnitude as those discussed in section 2.1.2.

(a) (b)

Figure 4.3: Strain test for (a) FP1 and (b) FP3 interferometers.

As mentioned, the FPI were also subjected to temperature and refractive index tests.
The graphs in fig. 4.4a and fig. 4.4b represent the wavelength shift of a given peak when
submitted to a temperature and refractive index variation, respectively. The behavior of
the interferometers for temperature was identical, observing a blueshift with increasing
temperature. This effect can be explained by the increase of the cavity length due to the
thermal expansion induced in the PI during the test. When it comes to the RI test, a redshift
is observed with increasing refractive index.

(a) (b)

Figure 4.4: (a) Temperature and (b) RI sensibilities of FP1, FP2, FP3, FP4, FP5, and, FP6
interferometers.

All sensitivities are summarised in table 4.1 and the interferometers were sorted by cavity
length to associate them with the experimental results. Apart from FP1 and FP5, it is
possible to observe a slight trend where the temperature sensitivity is proportional to the
length of the cavity. On the other hand, the presence of AuNPs in the cavity seems to increase
the sensitivity to the refractive index. This result deserves further investigation in order to
confirm this trend and to understand what mechanisms are behind this improvement. It
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should be noted that the manufacturing process can change the interferometer characteristics,
once the thickness of the PI layer that surrounds the FPIs is difficult to control using the
current processes and can influence the results.

Table 4.1: Strain, temperature and RI sensibilities for each FPI ordered by cavity length.

Gap
(µm)

Gap
Material

Strain
(pm/µε) Temperature

(pm/◦C)
RI

(nm/RIU)Up Down
FP1 105 PI 0.19 0.23 -136 21.2

FP2 125 PI
AuNPs - - -80 36

FP6 172 PI - - -90 34

FP4 175 PI
AuNPs - - -96 40

FP3 182 PI
AuNPs 0.45 0.6 -150 32

FP5 218 PI - - -104 17

The sensitivities obtained for the interferometers vary from -136 to -80 pm/◦C and from 17
nm/RIU to 40 nm/RIU to temperature and RI response. These results are not very interesting
when compared with those reported in [37][38][39][28], however, one of the objectives of this
work is to observe and study the transformation of the polyimide in LIG and the influence
this process has on interferometers and their sensitivities.

4.1.2 LIG Inscription

To find the laser parameters that result in better LIG quality, some fibers coated with
polyimide (SM1250(10.4/125)P) were used to do the tests. The parameters evaluated were
the power (%) (note that in fig. 3.2b is presented the calibration curve of the laser used)
and the scribing velocity (mm/s) maintaining the pulse frequency at 20 kHz, the samples
were named as "power_velocity" for further analysis. In fig. 4.5a is presented the Ramam
spectrum of each sample. As it is shown, the D (1345 cm-1), G (1584 cm-1), and 2D (2690
cm-1) bands are well defined for every fiber, and, also in some cases is possible to notice the
D’ (1613 cm-1) and D + D’ (2934 cm-1) bands. This allows already to realize that the LIG
formed is of good quality.

Furthermore, as it was said above in section 3.2.2, the ratios ID/IG and I2D/IG give
information about the LIG crystallinity, the presence of defects and the number of layers.
The ratios presented at table 4.2 show values between 1.142 and 0.922 (A.U.) of the ID/IG

ratio, which possibly means that the LIG produced has a high density of edges. This can
occur due to the high laser fluence, as the powers used in this experiment vary from 10 to 20
W, approximately. This implies that the gas released from the photothermal process occurs
rapidly, making the LIG very porous with many graphene edges. For the I2D/IG ratio, were
obtained high values as well, from 0.804 to 0.966 (A.U.), this means that the LIG produced has
a low number of graphene layers. In [89], where the ID/IG ratio was about 0.95 (A.U.) similar
to the results of this work, the LIG exhibit a porous morphology. Furthermore, the I2D/IG

ratio was as lower as 0.62 (A.U.) which means that the LIG synthesized in this work have
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(a) (b)

Figure 4.5: (a) Ramam and (b) FTIR spectra of fibers that have undergone different laser output
powers and different scribing velocities (The blue zone correspond to the vibration band
related to PI).

few graphene layers (for values between 0.8 and 1.8 the LIG contains 10 or fewer graphene
layers [90]). The ratios, however, obtained for each combination of parameters don’t show a
tendency related to the variation of the power or the variation of the velocity. Furthermore, is
perceptible that the decreasing velocity reduces the D and 2D bands FWHM, which means
that LIG presents a more ordered and crystalline structure. Also, fibers irradiated with 8 and
15 % of power show higher FWHM values, having a less ordered structure.

Table 4.2: ID/IG, I2D/IG ratios, FWHM of D and 2D bands for the different scribing speed and
power combinations.

ID/IG
Power (%) ID/IG

Power (%)
8 10 12 15 8 10 12 15

Velocity
(mm/s)

75 1.142 - - -
Velocity
(mm/s)

75 0.960 - - -
100 - 0.997 1.023 0.922 100 - 0.915 0.937 0.964
150 - 0.936 1.088 1.047 150 - 0.839 0.946 0.955
200 - 1.089 0.986 1.071 200 - 0.804 0.916 0.966

D Band
(FWHM ) (cm-1)

Power (%) 2D Band
(FWHM) (cm-1)

Power (%)
8 10 12 15 8 10 12 15

Velocity
(mm/s)

75 56.1 - - -
Velocity
(mm/s)

75 100.1 - - -
100 - 48.6 47.4 55.6 100 - 74.8 71.4 77.6
150 - 54.4 50.0 47.5 150 - 117.9 84.4 74.2
200 - 56.6 49.0 49.2 200 - 97.1 82.4 84.9

Another important parameter that needs to be taken into account is the thickness of the
LIG layer. For that purpose, a FTIR analysis was performed and the results for each fiber are
presented in fig. 4.5b. As the fiber is compressed until it breaks, the entire fiber content is
analyzed, and is possible to conclude if all the PI was or was not transformed into LIG. As is
shown, all the fibers present a wide band at 1100 cm-1 and another one at 798 cm-1 associated
with Si-O-Si asymmetric stretching and Si-O stretching vibration, respectively [91], related
with the presence of silica from the core’s fiber. For some fibers is also visible other vibration
bands, in this case, due to the presence of polyimide. The bands at 1778 cm-1 and 1713 cm-1

are the symmetric and asymmetric C=O vibration, respectively [92][56]. The band at 1600
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cm-1 is related to benzene ring C=C stretching [92], 1493 cm-1 is associated with the stretch
of the phenyl groups (C6H5) [56], and the 1362 cm-1 band is the imide ring C–N–C stretching
[56][92]. The presence of these bands indicates that not all the polyimide was transformed
into LIG, this happened with all the fibers that were inscribed with speeds of 150 and 200
mm/s. On the other hand, the fibers inscribed with 100 mm/s do not present any bands
related to PI.

Taking into account the Ramam and FTIR analysis was concluded that the best parameters
to use on LIG inscription were velocities under 100 mm/s for any power output. However,
the laser power can be a little unstable for values under 10% and can also damage the fiber
when the power used is 15%, as it was possible to observe during the tests. For this reason,
10% and 12% power outputs for 100 mm/s scribing velocity were the chosen parameters.

The selected fibers were also submitted to SEM in order to examine the fiber’s cross-section
and surface. In fig. 4.6a and fig. 4.6b can be observed that the cross-section of both fibers has
two distinct structures: a circular one that corresponds to the fiber’s cladding and another
that surrounds it that corresponds to the LIG layer. Note that the cross-section cut left marks
on the fiber. The EDS map of these images is present in fig. 4.6c and fig. 4.6d which shows
that the circular structure is composed of silicon atoms, corresponding to the cladding, and
the structure surrounding it is composed of carbon atoms, corresponding to LIG layer. From
these images no layer is identified around the cladding that could be associated with the PI
not transformed into LIG, suggesting that the entire PI coating has been transformed into
LIG. Note that the presence of carbon on the cladding surface is due to the imperfection of
the cut.

(a) (b)

(c) (d)

Figure 4.6: (a) SEM image of the cross-section of the fiber 10_100; (b) SEM image of the cross-
section of the fiber 12_100; (C) EDS map of the cross-section of a fiber 10_100; (d) EDS
map of the cross-section of a fiber 12_100.

33



Concerning the surface of the fibers, it is possible to observe from the images of the
fig. 4.7 that the LIG formed is quite porous as expected, has a leafy texture and is quite
homogeneous along the length of the fiber. Compared to the results presented in [56] and
[18], the formed LIG presents a greater homogeneity, besides not presenting the substructures
found in those works. The pulsed laser used in this work has a great influence in obtaining
these characteristics.

(a) (b)

(c) (d)

Figure 4.7: (a) SEM images from the 10_100 fiber surface; (b) SEM images from the 12_100 fiber
surface; (c) and (d) less applied SEM images of the 10_100 fiber surface from different
sides.

Although the results presented by the 10_100 and 12_100 fibers are identical, the fibers
inscribed at 10% power seem to have a greater homogeneity. For that reason, the parameters
chosen were 10% power and 100 mm/s of scribing velocity for the inscription of LIG in the
interferometers.

Using these parameters for the inscription of LIG, the interferometers were then subjected
to the laser. Spectra were taken before and after each inscription, in which the cavity is
rotated 90◦ between each inscription, and can be seen in the graphs in fig. 4.8. Unfortunately,
interferometers FP3, FP4, and FP6 were destroyed in this process. After the first scribing, all
FPI’s reflection spectra lose some intensity. This is possibly due to the penetration of the
laser into the Fabry-Perrot cavity, transforming part of the polyimide that composed it into
LIG and preventing a fraction of the light that previously propagated through the cavity from
now being propagated. After each scribing, the spectra change dramatically, but at the end of
the inscription process all spectra show some similarities. As it is possible to observe, a similar
phenomenon to the one described for the strain tests occurs. A second cavity is created due
to the formation of LIG inside the polyimide cavity leading to the Vernier effect. Also, in this
case, the difference between the FSR of the two cavities is too different to observe a beat-like
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signal. Fig. 4.9 presents a schematic representation of the FPI longitudinal cross-section
after LIG inscription, a second cavity is created around the polyimide, this configuration can
be seen as two FPI in series. It is also important to mention that the penetration of the
LIG layer in the polyimide cavity is greatly influenced by the thickness of the interferometer,
as already discussed, the current manufacturing process of FPI does not allow uniformity
of its thickness. This is why the intensity of the fringes has decreased and the intensity of
the Vernier envelope has increased more for some interferometers than others. There is no
uniformity in the thickness of the cavities, so the intensities differ.

(a) (b)

(c)

Figure 4.8: Reflection spectrum before and after each scribing of (a) FP1, (b) FP2, and, (c) FP5.
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Figure 4.9: Schematic representation of the longitudinal cross-section of the interferometer after LIG
inscription (white arrows - light related with the interaction with LIG; black arrows -
light related with the interaction with PI).

4.1.3 FPI Analysis After LIG Inscription

After LIG inscription, the FPI were submitted to RI tests again and the results are shown
in fig. 4.10. A blueshift is observed with increasing refractive index, this effect is similar
to the enhanced Vernier effect identified in fig. 2.7c, where the Vernier envelope moves in
the opposite direction to the original interferometer. Note that with the immersion of the
interferometer, the solution is diffused into the pores of the LIG layer changing the RI of the
cavity. As can be seen in fig. 4.11, the FPI sensitivities show values ranging between 180
and 2600 nm/RIU much higher than those recorded before the formation of LIG. In fact,
the magnification values record in table 4.3 vary between -8.5 and -153 (A.U.). It is also
possible to see that the sensitivity is higher as the size of the gap increases. These results
show that the interferometers are quite sensitive to the variation of the RI, which can be used
as a mechanism to detect analytes. As was presented in the section 2.3.1, the RI changes at
the metallic surface are used as a detection mechanism. The same principle can be used for
this FPIs to possibly detect cortisol and ammonia.

Table 4.3: RI sensibilities before and after LIG inscription and correspondent M factor.

Gap
(µm)

Gap
Material

RI Sensibility
(nm/RIU) M Factor

(A.U.)Before LIG After LIG
FP1 105 PI 21.2 -180 -8.5

FP2 125 PI
AuNPs 36 -450 -12.5

FP5 218 PI 17 -2600 -153
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(a) (b)

(c)

Figure 4.10: RI test after LIG inscription for (a) FP1, (b) FP2, and, (c) FP5 interferometers.

Figure 4.11: RI sensibility after LIG inscription for FP5, FP6, and, FP9 interferometers.
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4.2 Potential Applications for Aquaculture Water Monitoring

After realizing that interferometers are very sensitive to refractive index variations, it was
decided to functionalize the LIG layer to give it affinity for cortisol.

4.2.1 Cortisol Functionalization and Detection

The functionalization was performed on interferometers FP1 and FP2 following the process
described in section 3.1.4 while interferometer FP5 and FP9 (FPI without LIG inscription)
were used as a control. After each step, the reflection spectrum was recorded, as is possible to
see in the graphs of fig. 4.12. At first, the Vernier envelope is blue-shifted by the application
of MPTMS, then redshifted when the interferometer is immersed in solutions of AuNPs and
MUA, and blueshifted again by the EDC/NHS and antibody steps. The drastic change in
the spectra is seen as a good indication regarding the immobilization of the cortisol antibody.

(a) (b)

Figure 4.12: Reflection spectra of (a) FP1 and (b) FP2 before and after each functionalization step.

To prove that the functionalization of cortisol was successful, PI coated fiber, functionalized
PI coated fiber, LIG coated fiber, and functionalized LIG coated fiber were submitted to
FTIR and the results are presented at fig. 4.13. The PI coated fiber (black line) just
presents bands associated with the bonds between the atoms that compose polyimide as
discussed above. In comparison, the functionalized PI coated fiber (red line) presents the
same bands but with slightly more intensity. Furthermore, vibration bands at 1640 and 840
cm-1 appear, the first one was associated with the amide bonds present at AuNPs surface
after the functionalization [93][94], and the last was also associated with the AuNPs presence
[95]. At low wavenumbers, appear at 635 and 600 cm-1 two bands that can be related to the
presence of proteins [96][97], as the antibody is composed of proteins, it is possible to associate
these bands with the immobilization of the antibody on the fiber surface. These results show
that the functionalization process occurs successfully. For the fibers coated with LIG, the
same conclusions can be taken. The functionalized LIG coated fiber (green line) shows bands
associated with C=O, C=C, and C-H that fiber solely coated with LIG (blue line) does not
present. Also, shifts at 1707 and 798 cm-1 can be related to the functionalization process. In
both PI and LIG coated fibers the cortisol antibody was immobilized with success, helping to
corroborate the results.
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Figure 4.13: FTIR spectrum of PI coated fiber, functionalised PI coated fiber, LIG coated fiber and
functionalised LIG coated fiber (from top to bottom).

The graphs presented in fig. 4.14 shows the cortisol tests, is possible to notice a redshift
with the increase of cortisol concentrations. As hypothesized, the chemical reactions between
the antibody and the cortisol altered the refractive index of the cavity and as a consequence,
the spectra underwent a shift.

(a) (b)

Figure 4.14: Cortisol tests of (a) FP1 and (b) FP2 interferometers.

Also, the interferometers FP5 and FP9 were tested and the results of the sensor’s sensibil-
ities are shown in the graph of fig. 4.15 and are sumarized in table 4.4. Regarding FP9 no
significant deviation in the spectra was observed as expected with a sensibility of 0.029±0.007
nm/log(ng/mL), however, in the case of a non-functionalized LIG coated interferometer, FP5,
a sensibility of -2.4±0.6 nm/log(ng/mL) was recorded but without much linearity (R2=0.8),
this response to cortisol may be related to the high sensitivity of this interferometer to RI.
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Nevertheless, it is smaller than the sensibilities recorded for the functionalized interferometers.
In this case, sensibilities of -4.1±0.2 nm/log(ng/mL) and -34±5 nm/log(ng/mL) were achieved
for FP1 and FP2, respectively. There seems to be an increased sensitivity due to the presence
of AuNPs in the FP2 cavity. One possible explanation is that because of this presence,
there will be more AuNPs available to be functionalized, and then cortisol sensitivity will
be improved. However, further studies should be developed to understand the influence of
AuNPs on these results. FP2 was also submitted to a second test showing a sensitivity of
-5.9±0.6 nm/log(ng/mL) denoting a decrease in sensitivity as a consequence of the decrease
in the number of unbound antibodies available. The results obtained show an increase of
up to 50 times in sensitivity when compared with other cortisol sensors [62]. The enhanced
sensitivity recorded for interferometers FP1 and FP2 compared to FP5 and FP9 shows that
the functionalization process and has a strong influence on the results.

Figure 4.15: Cortisol test for FP1, FP2, FP5, and, FP9 interferometers.

Table 4.4: FP1, FP2, FP5, and FP9 gap, gap material, last procedure, and sensibilities for cortisol.

Gap
(µm)

Gap
Material

Last
Procedure

Cortisol
Sensibility

(Log(ng/mL))
FP1 105 PI Functionalization -4.1

FP2 125 PI
AuNPs Functionalization -34

FP5 218 PI LIG inscribing -2.4
FP9 157 PI PI Filling 0.029

The FP2 interferometer was also tested for selectivity since in a real environment, i.e.
aquaculture water, there are other compounds that may interfere with cortisol detection, so
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was tested the sensor’s behavior to glucose, sucrose, fructose, and ascorbic acid presence, the
results are shown in fig. 4.16a. The sensor proved to be immune to other substances and the
observed deviations are essentially due to the change of refractive index of the medium with
the dissolution of the interferents. For this same reason, the sensor proved to be very sensitive
to pH changes, as possible to observe in fig. 4.16b, since the solutions have different refractive
indices.

(a) (b)

Figure 4.16: (a) Selectivity and (b) pH tests for FP2 interferometer.

4.2.2 Ammonia Detection

FP8 interferometer before and after LIG inscription and FP10 were used for ammonia
detection. As described in section 3.1.5 this interferometer had oxazine 170 perchlorate mixed
with its polyimide. The results in fig. 4.17a show a Vernier-like effect with the more superficial
oxazine molecules reacting with the ammonia and locally altering the refractive index of
the cavity. However, after the LIG inscription the fringes lost a lot of intensity, which may
indicate that this intervention was quite destructive for the interferometer.

(a) (b)

Figure 4.17: Ammonia tests for FP8 interferometer (a) before and (b) after LIG inscription.
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In the graph of fig. 4.18 and table 4.5 are presented the FP8 and FP10 sensibilities for
ammonia, as is possible to observe, the FP8 interferometer before the inscription of LIG shows
some linearity and a sensitivity of -80±10 nm/ppm, almost 20 times higher than that reported
in [63]. However, after the inscription of LIG, FP8 does not show a notable sensitivity, this
indicates that the interferometer changes induced by the laser did not favor the detection of
ammonia. A possible explanation for this could be that as oxazine is an organic material, it
vaporizes when laser radiation hits it. The interferometer loses affinity for the ammonia and
therefore loses a lot of sensitivity. Also, the sensitivity recorded for FP10 is not noteworthy,
as expected. These results are still preliminary, so more tests need to be done to understand
what kind of changes are induced by the laser and if oxazine has any influence on this, as
it seems to have. However, it should be noted that the results are very promising for the
detection of ammonia.

Figure 4.18: Ammonia tests for FP8 before and after LIG inscription and FP10.

Table 4.5: FP8 and FP10 gap, gap material, last procedure, and sensibilities for ammonia.

Gap
(µm)

Gap
Material

Last
Procedure

Ammonia
Sensibility
(nm/ppm)

FP8 195 PI
Oxazine

Gap Filling -80
LIG Inscribing -0.7

FP10 231 PI Gap Filling 0.23
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5

Conclusions and Future Work

In this work, novel sensors were developed to potentially detect and monitor critical
analytes present in aquaculture water. Cortisol and ammonia play an important and vital
role in assessing the conditions in which crops live. At high concentrations, the presence of
cortisol is associated with poor water quality, overcrowding or infections, and diseases. On
another hand, ammonia in high concentrations causes eutrophication of the water, altering
the ideal conditions for the healthy development of crops.

The development of the sensors had three distinct parts: the construction of an inter-
ferometer based on a Fabry-Pérot cavity, the transformation of part of the polyimide into
laser-induced graphene, and finally the application of the interferometer in the detection of
cortisol and ammonia.

In the first phase, the interferometers were constructed with the Fabry-Pérot cavity having
been filled with and without the addition of gold nanoparticles to the base polyimide and
were subsequently tested for strain, temperature, and refractive index. Due to the distending
forces caused by the strain test, a second cavity was formed, making it impossible to use the
interferometer as a strain sensor. Relatively, the temperature response and the RI the sensors
demonstrated poor performance when compared with others of the same genre. Sensitivities
recorded were at most -136 pm/◦C and 40 nm/RIU to temperature and RI, respectively
however, the addition of the nanoparticles to the polyimide increased the sensitivity to RI
which is quite interesting. Furthermore, interferometers were constructed with a mixture of
oxazine 170 perchlorate and polyimide for ammonia detection.

Secondly, various laser irradiation parameters were tested on polyimide-coated fiber to
transform part of the polyimide into LIG. Keeping the pulse frequency at 20 kHz, different
samples in which the power and the inscription speed were varied were analyzed by Raman
spectroscopy, FTIR, and SEM-EDS. It was concluded that the produced LIG shows a high
porosity, has a leafy texture and that sheets are composed of 10 or fewer layers of graphene.
Also, when compared with other works, the LIG homogeneity is higher due to the pulsed
laser used. Furthermore, for scanning speeds less than or equal to 100 mm/s the entire
polyimide coating was transformed into LIG. From Raman spectroscopy, FTIR and SEM-
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EDS were chosen 10% power and 100 mm/s inscription speed for the LIG inscription on the
interferometers. After being subjected to the laser, the FPI spectral signals presented a drastic
change, and the Vernier effect was achieved due to the appearance of a new cavity made of
LIG inside the interferometer. It was observed that this change improved the refractive index
sensitivity of the sensor up to 153 times.

Finally, interferometers were applied to the detention of cortisol and ammonia. For the first
case, the interferometers were functionalized to achieve affinity towards cortisol. After each
functionalization step, the interferometer spectrum was acquired showing deviations in the
Vernier envelope, being a good indication regarding the immobilization of the antibody on the
surface of the LIG. After functionalization, the interferometers were tested at different cortisol
concentrations showing a sensitivity of -4.1±0.2 nm/log(ng/mL) and -34±5 nm/log(ng/mL).
The presence of AuNPs in the last interferometer appears to increase cortisol sensitivity.
Compared to the non-functionalized interferometers, these values obtained were substantially
higher. To verify the immobilization of the antibody on the LIG surface, FTIR analysis was
performed and allowed to observe the appearance of vibration bands associated with the
functionalization process, proving the immobilization of the antibody successfully. For the
selectivity and response to pH variations, the sensor proved to be quite immune to other
substances, but due to its high sensitivity to refractive index, it was also sensitive to pH
variation. In the case of ammonia detection, sensors with and without the formation of
LIG in their cavities were tested. It was observed that the formation of LIG was quite
destructive for the sensor, however, it was possible to obtain sensitivities of -80±10 nm/ppm
in interferometers that were not subjected to the laser.

During the development of interferometers, it was noted that the penetration of the LIG
into the cavity depended on the thickness of the interferometer and influenced the intensity
of the spectra. For future work, it would be interesting to homogenize the manufacturing
process by deposition of the polyimide in a controlled way. Also, the cavity length should
be controlled through an automatic system to improve the consistency of the manufacturing
process. Besides this, it was also tested the use of fibers already coated with polyimide, instead
of the used acrylate-coated ones, however, the removal of the polyimide, through carbonization,
necessary to prepare the fiber, left undesired residues and made its use impossible. Again, it
would be useful to find a solution to be able to use this type of fiber.

Furthermore, the presence of AuNPs in PI increased the sensitivity to RI, this effect
should be further studied. Even more interesting was the fact that the presence of the AuNPs
in the polyimide also increased cortisol sensitivity by almost ten times. In this case, the
influence of heat treatment and laser irradiation should be studied to understand the behavior
of the AuNPs and whether they are aggregating or not, since it may have an influence on the
detection as it occurs in Localized Surface Plasmon Resonance (LSPR) phenomena. To study
this aggregation effect, high resolution SEM and absorbance measurements can be a powerful
tool for this purpose.

Regarding the cortisol and ammonia sensors, although they have shown to be very
promising detectors, it is necessary to repeat the tests and check the repeatability of the
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process. It is also necessary to study the effect of the formation of LIG in the destruction of
ammonia sensors and the influence of oxazine in this process. For this purpose, one could
try mixing different amounts of oxazine (such as 0.5 mg, 0.1 mg, or 0.05 mg) or even test
inorganic compounds with an affinity for ammonia.

A next step could be to take advantage of the extraordinary electrochemical response of
LIG to produce a multiparameter electrochemical/optical sensor. It has already been proven
that it is possible to detect cortisol and ammonia optically, so it would be interesting to
electrochemically detect other interest analytes using the LIG layer formed, as bacteria or
even nitrates and/or nitrites [18].
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