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1 Overview

1.1 Introduction

Sensors connect the physical world to the world of electrical devices. Histori-
cally, advancements in materials science and engineering have been important
drivers in the development of sensor technologies. For instance, the temperature
sensitivity of electrical resistance in a variety of materials was noted in the early
1800s and was applied by Wilhelm von Siemens in 1860 to develop a tempera-
ture sensor based on a copper resistor. Today, sensors have become pervasive
and essential in the modern industrial world. Applications range from sophis-
ticated industrial processes to common consumer products. In many respects,
the manufacturing industry has led the use of advanced sensors in monitoring
and controlling its industrial processes.

As per industry reports, sensors are becoming the biggest and fastest grow-
ing markets, comparable with computers and communication devices markets.
For instance, according to a BBC Research report, the global sensor market is
chasing double-digit growth. It expects the global market for sensors to reach
$240.3 billion in 2021, up from about $12.5 billion in 2016. Fingerprint sensors
will lead the market by growing at 15.9 per cent annually. Another source puts
chemical sensors, process variable sensors, proximity and positioning sensors
among the fastest growing markets. Automotive industry will once again be
the leading consumer market for sensors. It is also important to highlight that
biomedical sensors market was valued at $10.79 billion in 2019 and is expected
to reach $15.13 billion by 2025, at a Compound Annual Growth Rate (CAGR)
of 6% over the forecast period 2020 — 2025. As well as, aircraft sensors market
is also projected to grow from $3.8 billion in 2019 to $4.9 billion by 2025, at a
CAGR of 4.48 % from 2019 to 2025.

By definition, a sensor is a device that senses the physical changes occuring
in its surrounding and converts them it into a readable quantity. Therefore,
its function consists in detecting the changes and inducing the corresponding
electrical signal. This electrical value can be in the form of voltage, current, or
charge and can be channelled, amplified, and modified by electronic devices. In
others words, a sensor has input properties and electrical output properties.

The term sensor should be distinguished from transducer. The latter is
an electrical device that is used to convert one form of energy into another
form, whereas the former, converts changes in the physical attributes of the
non-electrical signal into an electrical signal that can be easily measurable. The
process of energy conversion in the transducer is known as the transduction. The



transduction consist in two steps. First, sensing the signal, and then, strength-
ening it for further processing. Transducers may be parts of more complex
sensors. For instance, a chemical sensor may have a part which converts the
energy of a chemical reaction into heat, and another part, a thermopile, which
converts heat into an electrical signal. The combination of both parts forms a
chemical sensor, a device which produces an electrical signal in response to a
chemical reaction.

In general, sensor types are classified as direct and complex. A direct sensor
converts a nonelectrical stimulus into an electrical signal or modifies an elec-
trical signal by using an appropriate physical effect, whereas a complex sensor
requires of several transformation steps before the electric output signal can be
generated. These steps consist in several changes of the types of energy, where
the final step must produce an electrical signal of a desirable format. For exam-
ple, the displacement of an opaque object can be detect/measure, by means of a
fibre optic sensor. A excitation signal generated by a light source is transmitted
via an optical fibre to the target and reflected from its surface. This reflected
light, is collected by the optical fibre itself and guided to a photodiode, where it
produces an electric current, which represent the distance from the end of the
fibre optic to the target. Therefore, such a sensing process includes two energy
conversion steps and a manipulation of the optical signal as well.

Thermoelectric (Seebeck) effect, magnetism, piezoelectricity, or the photo-
effect are some examples of physical effects that result in the direct generation
of electrical signal in response to nonelectrical influences. Consequently, many
sensing technologies based on the aforementioned and others effects have been
developed. The following list contains the physical sensing principles based
on the physical effects that can be used for a direct conversion of stimuli into
electric signals.

e Electric charges, fields and po- e Photoelectric sensing

tentials
e Hall effect
e (Capacitive sensing
e Thermoelectric sensing
e Magnetic sensing

. . e Sound waves
e Electromagnetic sensing

Inductive sensing
Resistive sensing

Piezoelectric sensing

e Thermal properties of materials

Heat transfer

Light sensing



Today in practically every branch of industry, sensors devices have become
indispensable. In fact, there is hardly any industrial area that can do without
measuring, testing, monitoring, or automation.

Aerospace, automotive, entertainment, medical and security are examples
of industries where sensors have become essential. The value chain extends
from detection of process parameters in process technology to the analysis of
product characteristics in the entire productive industry. With the help of
sensor technology, the ability to manufacture products with unique features,
but without significantly increasing production costs, is becoming increasingly
successful.

Technologies such as microelectromechanical systems (MEMS) [1-3], com-
plementary metal-oxide-semiconductor (CMOS) [4, 5] or nanoelectromechanical
systems (NEMS) [6] are fundamental pillars for developing sensors with increas-
ing capabilities and greater functionalities. Among their many advantages are
high sensitivity, possibility of integration with microelectronics to achieve em-
bedded mechatronic systems or very low power consumption. Additionally,
scaling effects at microscopic levels can be exploited to achieve designs and
dynamic mechanisms otherwise not possible at macro-scales. However, the ex-
pensive cost during the research and development stage for any new design or
device, the very expensive upfront setup cost for fabrication cleanrooms and
foundry facilities and the fact of testing equipment to characterise the quality
and performance, are the main disadvantages of these technologies. As well as,
the fabrication and assembly unit costs can be very high for low quantities.

In addition, the use of more complex and automated systems, having to
comply with many norms related to low energy consumption, miniaturization,
insensitivity to modifications of the surrounding conditions, security, etc. has
induced the need of a new generation of sensors that have to be reliable, low cost,
easy to produce, if possible without clean rooms and avoiding too demanding
calibration.

Overcoming the above needs gave rise to an alternative to the microelectronic-
based sensors, those based on optical fibres (OFs) [7]. These type of sensors,
due to the several advantages, which include lightweight, immunity to electro-
magnetic interference, large bandwidth, high sensitivity or ease in implementing
distributed sensors, are undoubtedly intended to play a key role in driving the
advancement of these requirements.

Nowadays, fibre optic sensing technology provides a range of solutions for
growing range of applications in areas ranging from structural health monitoring
to biophotonic sensing, to name a few. However, with a few exceptions, they
have not yet achieved the set of needs that the market demands to be stablished



commercially. The development of new materials and advances in physics and
chemistry together with a new variety of optical fibres, will allow us to discover
new phenomena to stimulate the development of a new generation of sensors.

Optical techniques have expanded significantly in the last few years and,
therewith optical fibre-based sensors. The key to the advancement of this type
of sensors has been the optoelectronic devices developed for the telecommunica-
tions industry. They have been able to capitalize on the use of a wide availability
of high-quality optical and electronic components associated with optical fibres
at competitive prices. In addition to a large number of new fibres is nowadays
available with different materials and geometries [8].

The field of optical fibres has undergone growing up and advancement over
the last three decades. Although these were initially conceived as a mean of
transmitting light and images for endoscopic medical applications, later, in the
mid-1960s, they were proposed as a suitable means of transporting information
for telecommunications applications [9]. Ever since, optical fibres has been the
subject of intensive effort on research and development to the point that to-
day light wave communication systems have become the preferred method of
transmitting large amounts of data and information from one point to another.
The great success of optical fibres in telecommunications together with their
several advantages such as high bandwidth, immunity to electromagnetic inter-
ference, small size, light weight, safety, and relatively low cost, has generated
numerous applications in a number of related fields, such as sensing, biophoton-
ics and high-power lasers. The topic remains extraordinarily buoyant and new
materials, structure and applications emerge unabated.

Optical fibre sensors (OFSs) rely on communication technology to provide
a basic set of components and also to facilitate specialised technologies through
which slightly different versions of fibre optics can be fabricated exclusively for
the sensing community. Semiconductor sources, and detectors, fibre components
such as couplers, splitters, wavelength multiplexors, and a lot of other photonic
devices, as well as handling and test procedures, could not have been realised
without the communication stimulus.

There are numerous embodiments of OFSs, but they all fall into two broad
categories. For some sensors, the fibre acts as a light guide to a sensing region
where the optical signal emerges into another medium within which it is modu-
lated. The light is then collected by the same or a different fibre after it has been
modulated by the measurand and returned to a remote location for processing.
This type of OFSs are denominated as extrinsic sensors. In contrast, intrinsic
sensors keep the light within the fibre at all times so that the external parameter
of interest modulates the light as it propagates along the fibre. Both types have



made some inroads into the commercial application with extrinsic sensors being
predominantly targeted at chemical and biomedical measurements and intrinsic
sensors focused especially on physical measurements.

The early work in fibre sensing focused on measuring the physical parame-
ters at a particular point. However, the research community gradually realised
that if it is possible to influence the transmission properties of an optical fibre
through external parameters, then it is also possible to measure this parameter
field based on the position along the fibre. This feature, called distributed mea-
surements have become an important differentiator of fibre sensor technology. In
fact, the technical capacity to perform distributed measurements over distances
of up to several tens of kilometres are exclusive to optical fibres. Electronic-
based gauge lengths are commonly on the order of one meter, and there are
some that go to even shorter discrimination lengths.

However, despite the different types of OFSs that exist on the market, they
are not as well known today as their electronic counterparts. There are some
barriers such as price, size, sensitivity or operating range that these sensors have
to overcome to be competitive in the industrial market. Actually, the interfer-
ometry based on optical fibres appears as the most efficient way to enhance
sensor sensitivity and its detection limit. This leads to the area of micro -and
nano-engineered optical sensors. The combination of better fabrication tech-
niques and new physical effects will open up new market niches in may areas of
the industry of the future.

Traditional bulk optic components such as beam splitters, combiners, and
objective lenses have been rapidly replaced by small-sized fiber devices that
enable the sensors to operate on fibre scales. Thus, interferometry is the best
technology to develop miniaturized optical fibre sensors. As well as, this sens-
ing technology offers several advantages such as easy alignment, high coupling
efficiency, and high stability.

On this basis, the work of this thesis demonstrates a new sensing technology
to fabricate interferometric sensor devices that address relevant drawbacks such
as miniaturization, high sensitivity and wide operating range, among others.
Furthermore, they are suitable for multiple sensing applications.

The transducer of the devices presented in this thesis consists of an off-center
polymer micro-cap bonded onto single mode fiber (SMF) tip. The SMF end face
can be cleaved with a small angle or polished flat. The off-center causes an axial
misalignment between the core of the fibre and the polymer micro-cap. Then,
by adjusting this missaligment, it is possible to control the coupling coefficient
and thus, the reflection of the interface between the polymer and the external
medium, allowing to optimize the fringe contrast of the interference pattern.



To evaluate experimentally the tecnology reported in this thesis, several
samples were fabricated and they were experimentally evaluated as temperature,
index meter and humidity sensor.

In the first manuscript reported in this thesis titled “Accurate microther-
mometer based on off center polymer caps onto optical fiber tips”, it is presented
a new approach to fabricate miniature and high-quality sensor devices based on
an optical fibre. Once fabricated, they were evaluated as temperature sensors.
The micro-caps were first encapsulated in a short piece of capillary tube in order
to isolate the micro-cap from others physical parameters. After that, they were
placed inside a mini temperature chamber equipped with a temperature con-
troller. As a reference, a calibrated commercial RTD -resistance temperature
detector- was placed in the mini temperature chamber close to the micro-cap.
The experimental testing process was automatised, by implementing an ad-hoc
LabVIEW program to control the temperature inside the chamber.

Thanks to the high thermal expansion coefficient of the polymer with which
the micro-caps were made, these devices as a temperature sensor shown a sen-
sitivity up to 270 pm/°C with a thermal response time of around 2.5 s. Fur-
thermore, the high quality of the interference pattern has allowed to achieve
a resolution of 0.04 °C. In addition, their simple fabrication process and their
broad operating wavelength range (from 800 to 1600 nm, approximately) of
these devices, along with the diversity of polymers currently available, make the
concept and approach proposed here appealing, not only for measuring temper-
ature, but also for sensing many others parameters.

In the next manuscript presented in this thesis, entitled ” Microrefractome-
ter Based on Off-Center Polymer Caps Bonded Onto Optical Fiber Tips”, it
is demonstrated that the interferometric micro-cap can also be used to sense
changes in the index of the micro-cap’s outer environment. The measuring in-
dex range of these sensor devices is from 1 up to the index of the polymer from
which the microcap is made off. The sensitivity of these index meters was found
to be ~ 10~ over the whole measuring range.

Finally, the research manuscript entitled “Miniature interferometric humid-
ity sensor based on an off-center polymer cap onto optical fiber facet” consoli-
dates the multiple applicability of the sensor device proposed in this thesis. The
capability of polymers to absorb water molecules makes the polymer micro-cap a
high sensitive transducer for humidity sensing applications. Fabricated samples
were tested in a calibrated climatic chamber.

In addition to all this, the theoretical knowledge of the coupling coefficient
in multicore fibres developed in this thesis has allowed to adequately control it,
not only for the applications proposed in this thesis, but also for many others.
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Figure 1: Structure of a standard optical fibre.

For example, with suitable polymers that can be bonded on the cleaved end
of an optical fibre, this technology could be used in sensing applications that
require detecting parameters, such as gases, pressure, humidity, etc.

Other possible applications can be found in the field of bio-chemical sensing.
In these applications, synthetized polymers with tailored optical and physical
properties will be required. Then, under the presence of the parameters to sense,
the interference pattern will change, and therefore will be detected or monitored
with the techniques proposed in this thesis. In addition, its fabrication process
could be carried out automatically in a short time. In addition, the sensor bene-
fits from high repeatability with low-cost, and straightforward and reproducible
fabrication.

1.2 Theoretical Framework

Briefly, a standard fibre is composed of three main components: the core, the
cladding, and the coating, as shown in Fig.1 The cladding has a lower refrac-
tive index (ng) than the core (ng). This index difference causes total internal
reflection at the limit of the index along the length of the fibre so that the
light remains confined within the core [10]. Therefore, the core is the light-
transmitting component of an optical fibre. The coating serves to protect the
fibre from external conditions and physical damage. Fundamentally, an optical
fibre sensor works by modulating one or more properties of a propagating light
wave, including intensity, phase, polarization, and frequency, in response to the
environmental parameter being measured.

In its simplest form, an optical fibre sensor is composed of a light source,
optical fibre, sensing element, and detector. There are many approaches to fibre-
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based sensing which have made the greatest contributions to the development of
OFSs. The main optical fibre-based techniques used to develop sensor devices
are described below.

Light Modulation Techniques

The light that propagates along an optical fibre can be characterised by its
intensity, phase, wavelength and polarization. When the fibre environment ex-
periences a change, at least one of these parameters changes accordingly. By
analysing this change, useful information can be obtained. Then, the efficiency
of a fibre optic sensor depends on its ability to reliably and accurately convert
changes in those parameters. Therefore, depending on the light modulation
and effect used to measure physical phenomena, different sensing modulation
techniques have been developed.

Intensity-based Light Modulation. Intensity-based OFSs rely on signal
undergoing some loss. They are based on relating the amount of force or de-
formation applied to the fibre with the signal attenuation [11]. Other ways to
attenuate the signal is through absorption or scattering of a target [12]. This
technology requires more light and therefore usually uses multimode optical
fibres [13].

There are a variety of mechanisms such as micro-bending loss, attenuation,
and evanescent fields that can produce a measurand-induced change in the op-
tical intensity propagated by an optical fibre. For example, an intensity-based
micro-bending sensor consists of periodic mechanical micro-curves that cause
the energy of the guided modes to be coupled to the radiation modes, and
consequently the transmitted light is attenuated [14].

Another type of intensity based fibre optic sensor is the evanescent wave
sensor that uses the light energy which leaks from the core into the cladding.
These sensors are widely used as chemical sensors [15]. The sensing is accom-
plished by stripping the cladding from a section of the fibre and using a light
source having a wavelength that can be absorbed by the chemical that is to be
detected [16]. The resulting change in light intensity is a measure of the chem-
ical concentration. Measurements can also be performed in a similar method
by replacing the cladding with a material such as an organic dye whose optical
properties can be changed by the chemical under investigation.

The advantages of these OFSs are the simplicity of implementation, low
cost, possibility of being multiplexed, and ability to perform as real distributed
sensors. However, relative measurements and that variations in the intensity of
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the light source may lead to false readings unless a referencing system is used,
are their main drawbacks.

Interferometric-based Light Modulation. Optical interference corresponds
to the interaction of two or more light waves that produce a resulting irradiance
that deviates from the sum of the component irradiances. According to the
superposition principle, the resultant electric-field intensity space where two or
more lightwaves overlap, is equal to the vector sum of the individual constituent

disturbances. Then, the electric field intensity E at a point in space, arising
from the separate fields of various contributing sources is given by [17]

EZEl—i—EQ-F... (1)

However, the optical disturbance, or light field E, varies in time at an ex-
tremely fast rate, making the actual field an impractical quantity to detect.
Instead, the irradiance can be measured directly with a wide variety of sensors.
The study of interference, is therefore best approached by way of the irradiance.

Let us consider only linearly polarized waves of the form

Bl(?, t) = Em coS (217 —wt + ¢1> (2)

and

Eg(?, t) = Eog cos (ﬁg? — wt + qbg) . (3)

The irradiance is given by

1= (Er, ()
E2-E.E
E2=(E,+ Eo)-(E, + Bs) = B2 4 E2 4 2E, - Eo.

Therefore, the irradiance becomes

E?=E}+ Ej+2E,  E;

taking the time average of both sides, we find that

where

and

I=hL+1L+Is (5)
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where

L = <E%>T = % (6)

I, = <B%>T = % (7)

112 = 2<E1 . EQ>T = 2\/ Ilfg COs 5, (8)
thus, the irradiance
IT:II +Ig+2\/]1[2COS(S (9)

where 4 is the phase difference arising from a combined path length and initial
phase-angle difference. Irradiance maxima are obtained when § = +2mm, and
irradiance minima when § = +(2m + 1)7.

Interferometry-based optical sensors use changes in ¢ as the sensing principle.
They can be categorized into four types: Mach-Zehnder, Michelson, Sagnac and
Fabry-Perot. By modulating these techniques it is possible to sense several
physical parameters such as temperature, strain, pressure, refractive index and
so on [18-21].

Mach Zehnder Interferometer. OFSs based on a Mach-Zehnder inter-
ferometer [22, 23] (MZI) consist of two independent arms, which are typically
named the sensing arm, with physical length Lg, and the reference arm, with
physical length L. In many transducers the reference arm is kept isolated from
environment and only the sensitive window is exposed to the measurand. This
is not a requirement, since in some transducers both arms are used for sens-
ing in either differential or push—pull configurations to double the sensitivity of
the transducer or for gradiometer applications. The difference in the two path
lengths, Lr— Lg, is the mismatch of the physical path. These type of sensors are
compact and robust and, depending on the losses of the optical fibre, the sensor
can be a few meters or several kilometers, with little impact on the performance
of the sensor.

When a light beam is divided into two arms with irradiances I; and I3 using
a fibre coupler and then recombined by means of another fibre coupler as it can
be seen in Fig.2, the irradiance of the recombined light I, can be calculated
from Eq.9.

In general, the reference arm is kept isolated from external variation and only
the sensitive window is exposed to the parameter to be detected. Therefore,
changes in length L, in the effective index neg, or both (due to the measurand),
result into a phase shift § which is calculated as

13
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Figure 2: Schematic representation of the Mach Zehnder interferometer.

27
ab»
being A the wavelength of light in vacuum and Aneg the index variation caused
by the measurand. From Eq.10 it can be deduced that the maximum val-
ues of the recombined intensity are found at wavelengths X\,, = AnegL/m
(m € N # 0). From the latter, it can be seen that either Aneg or L get affected
by the environment so that the sensor will lead to a shift in the interference
pattern. The distance between two consecutive maxima can be calculated as

5 Aneg L, (10)

- AnCﬁL

AN,
m—1

(11)
so, the calculation of the Free Spectral Range, FSR, can be approximated to

)\2

Michelson Interferometer. OFSs based on the Michelson interferometer
[24, 25] are quite similar to those based on a Mach-Zehnder interferometer. The
basic concept is the interference between the beams in two arms, but as each
beam is reflected at the end of its arm by a mirror, only one optical fibre coupler
is needed (see Fig.3). In this configuration, the light passes through both the
sensing and reference arms twice, so that the F'SR value is half the value of
FSRszt

)\2
AnefoL.

Therefore, the Michelson-based sensors intrinsically have better sensitivity.
Additionally, the fact of working in reflection mode makes them more compact

FSRM] ~ (13)
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Figure 3: Schematic representation of the Michelson interferometer.

and easier to install. They also have multiplexing capabilities of multiple sensors
installed in parallel. However, it is essential to adjust the fibre length difference
between the reference arm and the sensing arm within the coherence length of
the light source.

Sagnac Interferometer. The Sagnac Interferometer (SI) is widely used
to measure rotational speed. In particular, the ring laser, which is essentially a
Sagnac interferometer containing a laser in one or more of it arms, was designed
specifically for that purpose. Its physical principle is based on the change in the
interference fringes observed as a consequence of the different distances that the
light travels due to the rotation of the observer. The simplest deduction is for a
circular ring that rotates at an angular velocity w, but the result is general for
loop geometries with other shapes [17].

If a light source emits two rays in opposite directions from a point on the
rotating ring, the ray traveling in the direction of rotation moves a little more
than a full circumference around the ring, (see Fig.4) arriving to the start point
with a delay relative to the opposite ray after a while ¢1 [26]

_ 2rR+ AL
c

t (14)

where c¢ is the speed of the light in vacuum, R is the radius of the ring and AL
denotes the length that the ring has rotated at this time and is calculated as
follows:

Eliminating AL from the two previous equations it is obtained that

15



2TR

b= c— Rw’ (16)
AL
Ve

Figure 4: Figure 4: Sagnac interferometer structure

On the other hand, the light beam traveling in the opposite direction of
the rotation moves slightly less than a full circumference to reach the starting
point. Then, the time t5 that the light beam needs toward in order to reach the
starting point is calculated as

2TR

to = . 17
2= T he (17)
Therefore, the time difference between the two light beams is given by
47 R?w
If Rw < ¢, then Eq.18 can be rewritten as
47 R? 4A
At 22 228 (19)

2 2
being A the area of the ring. Because the light beams travel different path
lengths, they reach the starting point with a phase difference §. The latter can
be calculated as § = 2wcAt/A.

16
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Figure 5: Sagnac-based optical fibre sensor.

In OFSs based on SI [27, 28], the Sagnac loop is made of a piece of fibre optic.
As a sensing element, a high-birefringence (HiBi) fibre is normally inserted to
introduce an optical path difference between the two counter-propagating waves
(see Fig. 5). It causes a phase difference §, which is calculated as

0= 2—WBL (20)
A
where B is the birefringence coefficient of the sensing fibre which is calculated
as B = ny —ns, being ny and n, the effective indices of the fast and slow modes,
respectively. L denotes the length of the sensing fibre. Adjusting Eq.12 to OFSs
based on SIs, the free spectral range (FSR) A\ is calculated as

)\2

AX BL (21)

In general, FOSs based on Sls use HiBi fibres or polarization maintaining
(PM) fibres as the sensing element to get a high phase sensitivity. For temper-
ature sensing applications, the sensing fibre is doped to increase the thermal
expansion coefficient, which induces high birefringence variation [29, 30]. How-
ever, for sensing other parameters such as pressure, bending or strain, the high
birefringence characteristic impairs the sensing capacity due to their strong tem-
perature dependency [31]. To overcome this problem, polarisation-maintaining
photonic crystal fibres (PMPCFs) have been introduced as the sensing fibres.
Photonic crystal fibres, which are made of pure silica, have low temperature
dependence and their air-hole structure can be adjusted to have high birefrin-
gence [32, 33]. Furthermore, due to the asymmetry of the air hole structure,
the polarisation modes are very sensitive to fibre bending, so highly sensitive

17



bending sensors can be fabricated based only on a photonic crystal fibre SI
loop. [34]

Fabry-Perot Interferometer. In recent years the optical fibre-based Fabry-
Perot resonator [35] is gaining attraction as a component suitable for spectrum
analysis, laser frequency stabilization and sensing of various physical parameters
of interest.

In the simplest configuration, a Fabry-Perot interferometer consists of two
plane, parallel, highly reflecting surfaces, sometimes called etalon, separated by
some distance d as shown in Fig 6. The enclosed air gap generally ranges from
micro-metres to several centimetres when the apparatus is used interferometri-
cally, and often to considerably greater lengths when it serves as a laser resonant
cavity. If the gap can be mechanically varied by moving one of the reflecting
surfaces, it is referred to as an interferometer.

In intrinsic fiber Fabry-Perot interferometric (IFPI) sensor [36, 37], mirrors
are separated by a continuous segment of single-mode fibre, whereas in extrinsic
Fabry-Perot interferometric (EFPI) sensors [38, 39], mirrors are separated by
an air gap. These reflectors can also be formed by depositing a thin resonator
cavity onto the optical fibre facet [40, 41], as illustrated in Fig.7. The FSR
varies with the width of the resonator, d, which in turn varies in relation to a
physical phenomenon. These changes can be calculated from Egs. 9 and 10.

FPI-based sensors have been extensively investigated for their exceedingly
effective, simple fabrication as well as low cost aspects. They have demonstrated
their merit in several industrial sensing applications, including pressure, strain,
acceleration, magnetic field, and temperature. Recently, these sensors have
been used in some interesting applications in biology, the environment, and
even in medical sciences. One of the applications is a biosensor that is capable
of producing concentration-dependent signals from antibodies or antigens [42].

Fibre optic n Fibre optic
Ml MZ
no_ n,
Resonator
—d—>

Figure 6: Schematic representation of an IFPI. M: mirror.
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Figure 7: Schematic representation of an EFPI. M: mirror.

Such sensors also have the potential for monitoring environmental pollution or
human diseases, and in the food industry.

Bragg grating-based Light Modulation. The fibre Bragg grating (FBG)
sensor [43] represents the most widely studied technology for optical fibre sen-
sors. Of the many available techniques, research has been focused on the use
of FBGs as a central sensing element in the development of monitoring sys-
tems [44]. One of the main advantages of this technology is its intrinsic multi-
plexing capability. In fact, hundreds of fibre Bragg gratings can be written on
an optical fibre, which can be as close as a few millimetres or separated by a few
kilometres. With proper packaging, each of these microstructures can be made
sensitive to parameters others than temperature or strain, such as, for example,
pressure, acceleration, displacement, etc. This gives a multifunctional feature
to the array of sensors.

An FBG is a wavelength-dependent optical filter/reflector formed by intro-
ducing a periodic refractive index structure with physical spacing A, on the
order of a wavelength of light within the core of an optical fibre as shown in
Fig.8, that is to say a narrow passband filter.

When a broad-spectrum light beam is coupled in the core of an FBG (see
Fig.9), reflections from each segment of alternating refractive index layers inter-
fere constructively only for a specific wavelength of light.

This constructive reflected wavelength is called the Bragg wavelength, Ag.
The reflected light signal is a very narrow peak (width ranging from a fraction of
one nanometer to a few nanometres) and is centred at the Bragg wavelength that
corresponds to twice the periodic unit spacing of the gratings. This effectively
causes the FBG to reflect a specific frequency of light while transmitting all
others. Any change in the modal index or grating pitch of the fibre caused by
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Fibre Bragg Gratings

Figure 8: Illustration of a fibre Bragg grating.

strain, temperature, or polarization changes results in a Bragg wavelength shift.

Ap is a function of the period of the microstructure (A) and the index of
refraction of the core (neg):

A = 2ne A (22)
The temperature induces changes in the refractive index of silica, as a conse-
quence of the thermo-optic effect. There is also a contribution from the thermal

expansion, which changes the period of the microstructure. It can be determined
by differentiating Eq.22 [45]

Broadband light

B

Figure 9: FBG setup
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Furthermore, when the fibre is stretched or compressed, the deformation
of the optical fibre leads to a change in the period of the microstructure and,
consequently, in the value of Ag. There is also some contribution from the
variation of the index of refraction through the photo-elastic effect. Similarly
to the temperature, the strain dependence can be calculated as [46]

(24)
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Distributed Optical Fibre Sensors. The concept of “distributed sensors”
was first introduced in the 1980s, measuring the scattered light at every location
along the fibre. There are different types of scattering, including Rayleigh,
Brillouin, and Raman scattering.

Rayleigh scattering. Rayleigh is the most dominant type of scattering.
It is caused by density and composition fluctuations created in the material
during the manufacturing process. Rayleigh scattering is due to random varia-
tions, much smaller than the wavelength of light, in the refractive index of the
fibre core. The scattered light is proportional to A™* . When a narrow pulse
of light is launched into a fibre, the variation of the Rayleigh backscatter is
realted to the approximate spatial location of these variations [47]. Although
Rayleigh scattering is relatively insensitive to temperature, it can still be used
as a distributed sensing technique for temperature and strain, and it is generally
effective at distances up to 70 m. y

Brillouin scattering. Brillouin scattering is an effect caused by the third
order nonlinear optical susceptibility x® of a medium, specifically by the part
of the nonlinearity related to acoustic phonons. A photon-phonon interaction
as annihilation of a pump photon, creates a Stokes photon [48] and a phonon
simultaneously. The created phonon, is the vibrational modes of atoms. In
silica-based optical fibres, Brillouin Stokes wave propagates dominantly back-
wards, although very partially, it also propagates forward. [49]. The frequency
of the reflected beam, called Brillouin frequency (vg), corresponds to the fre-
quency of emitted phonons which is slightly lower than that of the incident
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beam. This frequency shift is stablished by a phase-matching requirement. The
Brillouin shift, for pure backward Brillouin scattering, can be calculated as

2 (&) v
— Teffve (25)

Up
Ao

where nsy is the effective index of the propagating mode, v, is the acoustic
velocity and Ag is the vacuum wavelength. This shift depends on the mate-
rial composition and on the temperature and pressure of the medium. This
dependence can be used for indirectly determining the influence of external or
intrinsic variations in the medium where the scattering takes place. Then, Bril-
louin scattering of light in optical fibres can is exploited as a basis to develop
accurate distributed optical sensors [50].

Raman scattering. Raman scattering is caused by the molecular vibra-
tions of glass fibre stimulated by incident light. When monochromatic pulse light
is absorbed by a molecule, it raises to a virtual excited state. The molecule may
re-emit a photon of different energy, and therefore at different wavelength, ei-
ther greater or smaller than the original. The energy difference will be equal to
one of the vibrational /rotational energies of the molecule. Nevertheless, only if
the molecule is already in an excited state at the time of photon incidence can
it emit a photon of greater energy, by decaying from the excited to the ground
state. This is called anti-Stokes Raman radiation and its level depends on the
temperature, since the number of vibrationally/rotationally excited molecules
depends directly on the absolute temperature. The emitted photons of smaller
energy, decay to an excited state from an original ground state. These, are
called Stokes photons. The majority of photons will be re-emitted at the same
energy; it will include the Rayleigh scatter. When a high-power optical pulse,
at frequency v; is launched into a multimode optical fibre, at a chosen value of
v, Stokes and anti-Stokes backscattered radiation levels will be at frequencies

Vg =V; — VU (26)
Vg =V; + v (27)

the ratio of anti-Stokes to Stokes is given by

R(T) = (’::)469529 (-%) (28)
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with the absolute temperature, T' as the only unknown. The factor (v,/ V5)4 is
the consequence of the Rayleigh scattering. The Raman distributed temperature
sensor (RDTS) represent one of the high technology equipment for real-time
measuring the spatial distribution of temperature [51, 52].

Raman scattering signals are inherently weak, especially when using visible
light excitation and so a low number of scattered photons are available for
detection. The signal generated by a sample can be written as

PRaman = RNogkl (29)

where Praman (photons/s) is the Raman power measured by the detector,
R is the responsivity of the photo-detector, IV is the number of the illumi-
nated molecules, ox (cm2/molecule) is the Raman cross-section of the kth
mode integrated over the bandwidth and over all emission directions and I
(photons/cm2-s) is the incident light strikes the sample.

Raman is an intrinsically very weak phenomenon, approximately six to 10
orders of magnitude less efficient than fluorescence. However, the Raman scat-
tering generated by molecules can be strongly amplified by placing them near
the surface of suitably nanostructured substrates by means of surface-enhanced
Raman scattering (SERS) technique. The latter, offers enhancement factors
as high as 104715, which are sufficient to allow even single molecule detection.
Combining SERS with optical fibres can allow the monitoring of biochemical re-
actions in situ with high resolution. [53-55]. The latter is obviously not included
as a distributed technique but as a single point sensing technique.

The next-generation sensors, then, must meet some challenging new require-
ments such as extreme miniaturization, ultra-low power consumption, capability
to interface with networks, application-ready signal or data outputs and so on.

1.3 Hypotheses and General and Specific Aims

Optical interferometry as an accurate metrology has been widely employed in
many aspects for accurate measurements of several physical quantities. As
an important branch of measurement technology, nowadays the interferometry
technology, based on optical fibres and laser technologies, has been highly de-
veloped and applied in sensing applications for detecting and quantifying many
unknown or uncontrolled physical parameters. The optical interferometry tech-
nology is also used in the power industry for equipment failure monitoring.
Compared with the classical bulk-optic interferometer sensors, the fiber-
optic interferometer sensors can achieve remote sensing and have a number of
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attractive features, such as excellent sensitivity and large dynamic range, small
size with rugged packages, potential for low cost, and high reliability. In general,
optical fibers and fiber-optic transducers/sensors are made with totally dielectric
materials that are chemically inert and completely immune to electromagnetic
interference (EMI), and can also withstand relatively high temperatures. These
unique properties make them very favorable to be used in harsh environments,
such as inside an electric power system in which the strong EMIs often make
conventional electronic sensors work unstable and result in the increase of the
fault rate.

From an economic point of view, the sensors market is increasing exponen-
tially, constituting a technology clearly of the present and of the future. Over
the last few years, optical fibre sensing technology is rapidly evolving, driven
mainly by telecommunication industry. Due to advantages such as spatial res-
olution, refresh rate, and sensing length, OFSs technology can help to progress
the problem-solving capabilities of a multitude of sensor devices drawbacks.
Currently, the market demands to optimise existing experimental prototypes to
improve their technical limitations. In fact, the specific objectives of this thesis
have been to overcome the limitations that sensor devices currently have and
which are enumerated below:

1. Develop a novel technology for fabricating miniature sensor devices.
2. High sensitivity and specificity.
3. Give them the characteristic of being multipurpose.

4. Ability to sense multiple parameters simultaneously.

These goals have been achieved and demonstrated through the research
manuscript presented in this thesis. The first manuscript here reported which
is entitled ”Accurate microthermometer based on off center polymer caps onto
optical fiber tips”, details and demonstrates a novel fabrication technique to fab-
ricate a micrometer-size fibre optic temperature interferometric sensor that is
fast and accurate. The fabrication process is simple and reproducible. The high
thermal expansion coefficient of the polymer used to build the micro-caps has
allowed to achieve temperature sensitivity up to 270 pm/°C, resolution of 0.04
°C, and thermal response time of around 2.5 s. An important advantage of this
device is that it operates at the well established telecommunications wavelength
band. Furthermore, it has also been demonstrated that it can sense with high
sensitivity, selectively and with fast response time.
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This approach, with suitable polymers that can be bonded on the tip of an
optical fibre, can be used to develop a myriad of microsensors for chemical or
physical parameters, such as gases, pressure, etc.

In the second manuscript reported in this thesis, which is entitled ”Microre-
fractometer Based on Off-Center Polymer Caps Bonded Onto Optical Fiber
Tips”, the polymer micro-cap has been evaluated as a refractometer. High-
contrast (visibility) interference patterns were achieved by optimizing the size
of the polymer microcaps using a fibre polishing machine. The measuring re-
fractive index range of our devices goes from 1 up to the index of the polymer.
The refractive index sensitivity was found to be higher than 10~ over the whole
measuring range. Temperature and refractive index cause two distinct effects
on the interference patterns. Thus, our microrefractometers can be temperature
self-compensated, as well.

Finally, through the manuscript reported in this thesis, entitled ” Miniature
interferometric humidity sensor based on an off-center polymer cap onto opti-
cal fiber facet” the multi-aplicability of these sensor devices have been demon-
strated. To do that, several samples have been fabricated and evaluated as
humidity sensors. Water molecules absorbed by the polymer microcap causes
changes in the height of the microcap. This results in measurable shifts of the
interference pattern. The fabricated samples were evaluated in a calibrated cli-
matic chamber in the range from 10 to 95 % of relative humidity (RH). The
sensitivity and resolution of our device was found to be 148 pm per %RH and
0.04 %RH, respectively. Thus, the technology to fabricate sensor devices here
proposed can be used in a variety of practical applications that require high
sensitivity, fast response, and miniature dimensions.

This approach could be suitable to fabricate sensor devices for biochemical
sensing. In this type of applications, polymers permeable to chemical or biolog-
ical parameters will be required. Under the presence of such parameters, the
polymer refractive index can change. Such changes can be detected or moni-
tored with the techniques demonstrated in this thesis. Furthermore, the goal
of sensing different parameters simultaneously can be achieved by means of a
bundle of independent sensor devices.

1.4 Summary

In summary, this thesis reports on a technology for the development of fibre-
based optical sensors from a new approach.

The development of a multipurpose miniature sensor device based on an
off-center polymer micro-cap bonded to the end of a single mode fibre has been
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demonstrated. Its fabrication is simple and reproducible. In this device, by
means of a misalignment of the micro-cap it is possible to control the fringe
contrast of the interference pattern. Different samples were fabricated and ex-
perimentally tested as a temperature sensor, refractive index meter and relative
humidity sensor. The sensitivities were found to be 270 pm/°C, 10~* and 0.04
RH%, respectively.

The results obtained from the mentioned tests have demonstrated that in
each experimental test the device behaved as fast and accurate as its commercial
counterpart with which it was compared.

These devices can be useful in several applications that demand miniature
sensor devices. For example, they can be useful to monitor index of liquids inside
micro-fluid channels or in other small spaces. Their passive nature makes them
attractive also in industrial applications. Presently, polymers with tailored op-
tical and physical properties can be synthesized. Therefore, the performance of
the sensors here proposed can be further improved. Other foreseen applications
are in the field of biochemical sensing. In these applications, polymers perme-
able to chemical or biological parameters will be required. These parameters
can be detected or monitored with the techniques reported here. In addition,
the objetive of sensing different parameters simultaneously can be achieved by
multiplexing a bundle of independent sensor devices.

This sensing technology could also be suitable to fabricate sensor devices
to use microfluidic devices for biomarkers detection in liquid biopsies. In this
type of applications, the transduction and amplification of the signal could be
based on the chemical functionalisation of the polymer micro-cap onto the end-
face of optical fibres. Since today polymers with tailored optical and physical
properties can be synthesized, the signal transduction and amplification will
be based on chemically functionalising the off-center polymer microcavity to
detect only the desired target. Therefore, this approach will give practical and
theoretical basis for new concepts in biosensing and will allow the design of new
low cost and sensitive bioanalytical devices. Furthermore, the goal of sensing
different parameters simultaneously can be achieved by means of a bundle of
independent sensor devices.

To achieve high reproducibility, the manufacturing process —once the geome-
try of the polymer microcavity has been theoretically optimised— will be carried
out automatically using opto-mechanical components controlled by an ad-hoc
software created in LabVIEW. Moreover, all the components which are part
of the data acquisition system (light source, coupler and interrogator) will be
integrated in a device that is as small and inexpensive as possible and controlled
by a user-friendly software.
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2 Conclusions

This thesis has reported on the development of a novel sensing technology based
on optical fibre to fabricate miniature sensor devices. The fabrication of our
devices is simple and reproducible. An important advantage of these devices is
that they operate at the well-established telecommunications wavelength bands.
Different samples have been experimentally tested as a temperature sensor,
refractive index meter and RH sensor. The results obtained from the mentioned
tests have shown that in each experimental test our device behaved as fast and
accurate as its commercial counterpart with which it was compared. Another
advantage is that our device can operate in a broad wavelength range (from 800
to 1600 nm, approximately).

By means of this technology, it is possible to control the coupling coefficient
and thus, the reflection of the interface between the polymer and the external
medium, allowing to optimize the fringe contrast of the interference pattern.
The theoretical knowledge of the mode coupling coefficient, here developed and
demonstrated, makes this approach applicable not only to the applications re-
ported here, but to many others as well. Its micro-size makes it suitable to be
useful in several applications that demand miniature sensors. The devices here
proposed can be useful in miniature spaces where reliable and accurate humidity
measurements are needed. Other applications that we foresee are in the field of
bio-chemical sensing. In these applications, synthesized polymers with tailored
optical and physical properties will be required. Then, under the presence of
the parameters to sense, the interference pattern will change, and therefore will
be detected or monitored with the techniques proposed in this thesis.

The author considers that this new approach could be the key to the fab-
rication of new fibre-based sensing devices with more capabilities and better
features than previously have been achieved. Therefore, the goal of the thesis
has been accomplished. However, there are improvements in which the author
will continue to work on to give to the devices greater potential. It is important
to note that the technologies presented here, open the way for manufacturing
sensor devices with much-needed capabilities and features that are in demand
in leading and emerging industries.
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We report on microscopic polymer spherical caps bonded onto the cleaved end of a single-mode fiber (SMF) for
fast, accurate, and sensitive temperature sensing. The microcaps were fabricated by dispensing sub nano-liter
amounts of UV-curable polymer onto the end face of a standard SMF that was cleaved at a small angle. A
reflection from the SMF-polymer interface combined with a reflection from the polymer-external medium in-
terface gives rise to a well-defined interference pattern. The high thermal expansion coefficient of the polymer

used to build the micro-caps allowed us to achieve temperature sensitivity up to 270 pm/°C, resolution of
0.04°C, and thermal response time of around 2.5s. The simple fabrication process and the broad operating
wavelength (from 800 to 1600 nm, approximately) of our devices along with the diversity of polymers currently
available, make the concept and approach proposed here appealing for diverse sensing applications.

1. Introduction

As part of safety and quality control in industrial production, tem-
perature is a crucial parameter that must be monitored or controlled. In
environmental and bio-medical applications, temperature is also a
parameter that is monitored constantly. As optical fiber temperature
sensors (or thermometers) are capable of operating, hence to gather
data, in environments where electromagnetic, radio frequency, or mi-
crowave radiation is present, they have gained considerable attention in
the industrial and bio-medical sectors.

The fiber optic sensor community has exploited different methods
and techniques to devise point optical fiber thermometers that include
mode interferometers [1-4] and long period gratings (LPG) [5-8]. Such
temperature sensors are robust and highly sensitive but their response
time is slow, typically of several seconds. Moreover, in most cases, the
sensitive segment of such thermometers is several millimeters, and even
of centimeters, long. This makes them unsuitable for applications where
space is small. To the authors’ best knowledge, point thermometers
based on mode interferometers or LPGs have not reached commercial
level yet.

Other fiber optic temperature sensors reported so far are based on
Fabry-Perot interferometry. The cavity, i.e., the sensitive element of the
interferometers, can be made with a short segment of glass [9-11],

polymer [12-15], or silicon [16,17]. These types of sensors are compact
and highly sensitive. However, elaborated or multistep fabrication
processes are required to achieve highly uniform cavities, hence high
performance Fabry-Perot interferometers or thermometers.

To the authors’ best knowledge, the most accurate fiber optic
thermometers exploit the temperature dependence of fiber Bragg
gratings (FBGs) [18-23], fluorescent materials [24-29], or GaAs
semiconductor crystals [30,31]. The level of maturity of such techni-
ques is high to a point that they have reached commercial level [32].
The main characteristics of thermometers based on FBGs include a
sensitive segment of several millimeters in length (the length of the
grating); thermal response time of several seconds, and temperature
sensitivity of around 10 pm/°C [18-23]. FBG thermometers tend to be
expensive as their interrogation requires a pico-meter resolution de-
tection system. On the other hand, thermometers based on fluorescent
materials or semiconductor crystals are characterized by a fast response
time, a sensitive material of few hundred micrometers in length or
diameter attached to the end of a multimode optical fiber. The assembly
of thermometers based on the aforementioned materials is complex. In
addition, they can operate in short distances (a few tens of meters) as
the fluorescent signal is low because they operate in non-tele-
communications wavelengths.

As an alternative to the fiber optic thermometers discussed above, in
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this paper we propose an accurate interferometric thermometer that has
the following remarkable features: i) microscopic dimensions, ii) simple
fabrication and interrogation, and iii) operation over a wide wavelength
range, from 800 to 1600 nm, approximately. Our device can sense
temperature from -25 to 125 °C with high sensitivity (up to 270 pm/°C)
and fast response time (2.5s). The sensitive section of our micro-
thermometer is made of a UV curable polymer that is deposited onto the
end face of a single mode fiber (SMF) that is cleaved at a small angle. As
aresult, an off center spherical microcap is formed. Light reflected from
the SMF-polymer interface is combined with that reflected from the
polymer-external-medium interface. Due to the asymmetry of the two
reflecting surfaces, the interference pattern exhibits a well-defined
series of maxima and minima. We found that our sensors are as accurate
as commercial electronic thermometers. Thus, we believe that the
temperature sensors here proposed can be used in a variety of practical
applications that require high sensitivity, fast thermal response, and
miniature dimensions.

2. Sensor fabrication and operation principle

Our device consists of a microscopic polymer spherical cap formed
on the end face of a standard single mode fiber (SMF) which is cleaved
at a small angle. It is depicted in Fig. 1(a). The experimental set-up used
to create such a microscopic spherical cap is shown schematically in
Fig. 1(b). The fabrication steps are as follows. Firstly, two SMFs are
cleaved with a conventional fiber optic cleaver. In our case, we used a
cleaver from Fujikura, model CT-32. The typical cleave angle, i.e., the
most probably angle, that is achieved with such a cleaver is ~0.5°. The
cleaved optical fibers were cleaned with alcohol in an ultrasonic
cleaner, and then they were clamped in separate 3-axis optical fiber
alignment stages (ULTRAlign™, Newport). In our arrangement, the
SMFs were placed in vertical position for the reasons explained below.
One of the SMFs was the sensing fiber and the other one was used as a
dispensing fiber. Our set up had also a CMOS USB camera to monitor
the deposition of the polymer on the SMF face. To optimize the align-
ment between the SMFs, as well as to monitor the interference pattern
of the samples, light from a super luminescent diode (SLD) was laun-
ched to the sensing SMF; the reflected light was sent to a mini-spec-
trometer by means of a suitable optical fiber coupler, see Fig. 1(b). The
interference patterns were observed, stored, and analyzed, in a personal
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computer.

The dispensing SMF was dipped into a liquid polymer and then, it
was gently withdrawn. The polymer we used is commercially known as
NOAS81 (from Norland Products Inc.). We used such polymer because it
is cured in seconds and has excellent adhesion to glass. However, other
polymers that can be bounded to glass can be used. After withdrawing
the dispensing fiber from the liquid polymer, the fiber tip and the sides
were coated with polymer, see the photograph shown in Fig. 1(c). The
polymer-coated SMF was placed beneath, and in close proximity, to the
sensing SMF. Immediately after that, the fibers were aligned with the 3-
axis stages. The alignment between the SMFs was stopped when a well
defined interference pattern was observed. Such an interference pattern
was due to an air cavity formed between the facet of the sensing SMF
and the liquid polymer covering the dispensing SMF. Afterwards, the
polymer-coated SMF was moved towards the sensing SMF until the
polymer touched the end face of the sensing SMF, see Fig. 1(d). The
dispensing SMF was then displaced far away from the sensing SMF; see
Fig. 1(e).

It can be noted from the photograph that, due to surface tension, a
microscopic polymer spherical cap is formed only onto the end face of
the sensing SMF. The small angle of the SMF face makes the polymer
microcap to be off center. In the final step of the fabrication process, the
polymer was cured by illuminating it with UV light, with peak emission
at 365 nm (CS2010, UV Curing LED System from Thorlabs), during 30s.
Under these conditions, the polymer spherical microcap becomes solid,
and it is strongly bonded to the SMF. As recommended by the polymer
manufacturer, for an optimum adhesion, the microcap was aged at
50 °C during 12 h. If other polymers are used, probably such an aging
process is not necessary.

The interference patterns of our devices were analyzed after the
fabrication process. The samples were also inspected under an optical
microscope. After a single deposition process, d was found to be
~ 20 um. This suggests that the volume of the spherical microcap, or the
volume of polymer deposited on the SMF facet was on the order of
~0.15 nano-liters.

The operating principle of our sensor is explained as follows. Let us
assume that a wave with amplitude E, propagates without attenuation
in the core of the SMF, see Fig. 1(a). When such a wave reaches the
SMF-polymer interface, it is partially reflected, the rest is transmitted to
the polymer. The amplitude of the reflected wave (E;;) can be expressed

(b)

®

|
I
|
|
|
|
|
|
|
|
|
/

Fig. 1. (a) lllustration of the temperature microsensor, d is the height of polymer microcap and 6 the fiber cleave angle. (b) Schematic representation of the set-up
used to monitor the fabrication process and to interrogate the devices. (c), (d) and (e) Sensor fabrication steps. SLD is superluminescent diode, SMF, single mode fiber,
FOG, fiber optic coupler, and PC, personal computer. (f) Micrograph of an as-fabricated sample where d was 20 um.
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where r; is the amplitude reflection coefficient which depends on the
refractive indices of the polymer (n,) and the fiber core (n.), as
r1 = (np, — n)/(n, + n.). It is important to point out that the expression
for r; is valid for quasi-perpendicular incidence and random polarized
light. The wave that propagates in the polymer reaches the polymer-
external-medium interface with an accumulated phase of ¢ = 2mn,d/A,
with d is the height of the polymer microcap and A is the wavelength of
the optical source. Such a wave suffers Fresnel reflection from the
polymer-external-medium interface if the index of the polymer, n,, and
the refractive index of the external medium (n,) are different.

The amplitude of the reflected wave (E,2) can be expressed as
E, = Egra(1-r1)exp(-ih) where r, is the amplitude reflection coefficient
which is expressed as ry = (ne — n,)/(n. + n). In our experiments, the
external medium was air (n, = 1). In our devices, not all the reflected
wave from the polymer-external medium interface is coupled into the
SMF core. Due to the small angle of the SMF face, the fiber facet and the
curved surface of the polymer microcap are not parallel. That is the
reason we do not treat our devices as a Fabry-Perot interferometer.

The reflected wave that is coupled back to the SMF core be ex-
pressed as:

E. = nrEo(1 — n)*exp(—i2¢). (2

In Eq. (2), 5 is the coupling coefficient that can be calculated from Egs.
A7 and A8 given in Ref. [33]. According to the latter reference, n de-
pends on the angle of the SMF face, d, n;, A, spot size of the output
beam of the SMF, etc.

The amplitude of the total reflected field (E) is the sum of E,; and
E.:

Er = Eo[n + nr(1 — n)?exp(—i2¢)]. 3)

Thus, the total reflected intensity that can be measured is (E7)%. By
defining I, = (E1/Ep)? we get

L =12 +n*ri(1 — n)* + 2ynn(1 — 1)?cos(2¢). 4

From Eq. (4), it can be deduced that I, will be maximum when ¢ = 2msn
and minimum when ¢ = (2m + 1)x, m being a positive integer. Thus,
the peaks of the interference pattern (maximum values of I,) are found
at wavelengths that satisfy the condition:
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angle of the SMF, d, n,, etc., will affect only on the contrast (or visi-
bility) of the interference pattern but not the position of the maxima.
The temperature effect on our devices can be obtained by differ-
entiating Eq. (5) with respect to temperature (T). We obtain:
14d

O _ lod
aT dor |™ 6)

The terms, on,/0T and 0d/0T, in Eq. (6) are, respectively, the
thermo-optic coefficient (TOC) and the thermal expansion coefficient
(TEC) of the material the microcap is made of. The refractive index of
the polymer depends also on the wavelength of the optical source.
According to the manufacturer, for the case of the NOA81 polymer,
n,=A+B/A*+ C/\*, with A=15375  B=28290.45 and
C = —2.11046 x 10% the TOC value is —1.83 x 10~ */°C and the TEC
value is 2.4 x 10™/°C.

From Egs. (5) and (6), it can be concluded that the position of A,,, (a
parameter that is easy to monitor) and the thermal sensitivity depend
only on the TEC and TOC of the polymer used to fabricate the microcap.
As the TEC value is higher that the TOC value of the NOA81 polymer,
Am will shift to longer wavelengths when temperature increases. It
should be pointed out that if other polymer is used to fabricate the
sensor where the TOC be higher than the TEC, the shift of the inter-
ference pattern will be to shorter wavelengths when temperature in-
creases. Regardless the direction of the shift, temperature will be co-
dified in wavelength, an absolute parameter, similar to FBG-based or
semiconductor-based temperature sensors [18-23,30,31].

1 0n,
n, 0T

3. Experimental results and discussion

To evaluate our devices as temperature sensors, they were first
encapsulated with miniature stainless steel tubes (from Omega
Solutions Inc.). Then, they were placed inside a temperature calibrator
(LTR-25/140, from Kaye) that operates from —25°C to 140°C.
However, according to the manufacturer, the NOA81 polymer, once
cured and aged, can withstand temperatures from —150°C to 125 °C.
Thus, the calibration was carried out from —25 to +125°C.

As a reference, a precision and calibrated commercial RTD -re-
sistance temperature detector- (Pt100 HH804U from Omega®) was
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placed inside the temperature calibrator, together with our devices. The
interrogation of our devices was carried out with the components de-
scribed in Fig. 1.

In Fig. 2(a), we show the observed spectra at different temperatures
of a sample with a polymer cap where d ~20 um. The red shift of the
interference pattern is evident. The calibration curve is shown in
Fig. 2(b). The theoretical fitting was carried out by considering a cou-
pling factor n = 0.18. It can be seen that the device does not show any
hysteresis. From Fig. 2 we calculated the relationship between A, and T
as

Am(nm) = 1535.99 + T-(0.13 + 0.001-T — 7.96-1076.T2) )

From the calibration curve, the temperature sensitivity in the linear
range, i.e., from 15°C to 125°C, was found to be 270 pm/°C. Such
sensitivity is an order of magnitude higher than that of FBG tempera-
ture sensors. With our interrogation system, the position of A, could be
monitor with 10 pm precision. This means that our microthermometers
can reach a resolution of 0.04 °C.

An additional test to our samples consisted in exposing them re-
peatedly to several temperature cycles during more than 8h. The
temperature was increased from —25°C to +125°C in steps of 25 °C.
Then, the temperature was decreased from +125°C to —25 °C in steps
of 25 °C. The results of our experiments are shown in Fig. 2(c). From the
figure, it can be seen that our devices are as accurate as a commercial
RTD.

Another test that we carried out consisted in the assessment of the
response of our devices to temperature pulses, from 20 to 70 °C. Such a
temperature range was chosen because it is the range of interest in bio-
medical applications. In Fig. 3(a) we show the results of our experi-
ments. Again, we can see that our sensor provides accurate information
as an RTD but the results suggest that our microthermometers respond
faster than an RTD.

The response time of our devices was experimentally measured. For
that, a microthermometer was encapsulated with a short segment of
silica capillary of 150 um and 300 um of inner and outer diameter, re-
spectively. Our device was attached to an RTD, and then, they were
immersed in hot water. The temperature of the hot water was mon-
itored with the RTD. The temperature of the external environment was
monitored with another RTD. Fig. 3(b) shows the wavelength shift of
our device under study as a function of time when the temperature
increased from 24 to 37.9°C. From the figure, we calculated the
thermal response time of our device. It was found to be 2.5s. Such a
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response time is faster than that of other fiber optic temperature sen-
sors, as for example, FBG-based thermometers.

We also fabricated and characterized some samples that operated at
shorter wavelengths. To do so, we used an SMF at 850 nm (HP780, from
Thorlabs). The deposition of the microcaps was carried out with the
same steps described above. The height of the microcap was again
~20 um. At shorter wavelengths, the refractive index of the polymer is
higher. The combination of shorter wavelengths and higher index
makes the period of the interference pattern larger at 850 nm. Fig. 4(a)
shows the output spectra of the quoted device at different temperatures.
Again, a shift to longer wavelengths as the temperature increased was
found. The calibration curve is shown in Fig. 4(b). Note the linear de-
pendence of A, on temperature in the range from 15 to 125 °C. In that
range, the temperature sensitivity was found to be 210 pm/°C. This
suggests that there is no loss of temperature sensitivity at shorter wa-
velengths.

We also exposed the samples repeatedly to several temperature
cycles during 10 h approximately. The temperature was increased from
—25°C to +125°C; and then it was decreased to —25°C. The steps
were also 25 °C. The results of our experiments are shown in Fig. 4(c). It
can be noted from such a figure that our devices provide information of
temperature as a well-calibrated RTD. An advantage of fiber optic
thermometers that operate at 850 nm is the fact that light sources and
spectrometers are less expensive. Hence, cost effective micro-
thermometers can be developed.

4. Conclusions

We have reported on micrometer-size fiber optic temperature in-
terferometric sensors that are fast and accurate. The fabrication of our
devices is simple and reproducible. An important advantage of our
devices is that they operate at the well-established telecommunications
wavelength bands. In our devices, the temperature sensitive region is a
microscopic polymer spherical cap bonded onto the facet of a single
mode optical fiber, which is cleaved at a small angle. Our devices have
high temperature sensitivity and resolution and respond fast to tem-
perature changes.

The performance of the sensors here proposed can be further im-
proved. The science and technology of polymers is mature. Currently,
polymers with tailored optical and physical properties can be synthe-
sized. This may allow to tailor the thermal response time, temperature
sensitivity, or operating temperature range of our devices.
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Fig. 3. (a) Comparative between our sensor and the RTD of temperature pulses in the range of interest in medical applications. (b) Response time of the temperature

sensor.
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Microrefractometer Based on Off-Center Polymer
Caps Bonded Onto Optical Fiber Tips

Oskar Arrizabalaga

Abstract—In this study, we report on a microscopic refrac-
tometer built with off-center polymer spherical caps bonded on
the end facet of a standard single-mode fiber (SMF). To achieve
such microcaps, sub nanoliter amounts of UV-curable polymer
were deposited onto the tip of SMFs that were cleaved with small
angles. The working mechanism of our devices is explained as the
interference of two Gaussian beams. High-contrast (visibility) in-
terference patterns were achieved by optimizing the size of the
polymer microcaps. The microrefractometers introduced here can
operate over a broad wavelength range from 800 to 1600 nm ap-
proximately. The measuring refractive index range of our devices
goes from 1 up to the index of the polymer. The refractive in-
dex sensitivity is high (~10~%) over the whole measuring range.
Temperature and refractive index cause two distinct effects on the
interference patterns. Thus, our microrefractometers can be tem-
perature self-compensated. Owing to the microscopic size of the
refractometers, they can be ideal candidates to monitor refrac-
tive index in small spaces such as microfluidic channels. Other
microsensors can be developed with suitable polymers or other
materials that can be bonded on optical fiber tips.

Index Terms—Interferometry, microsensors, optical fiber sen-
sors, polymer cavities, refractive index sensing, refractometers.

1. INTRODUCTION

EFRACTIVE index (RI) is a unique characteristic of sub-
R stances, thus, its measurement or monitoring is crucial
in a myriad of industrial or scientific applications. For more
than a century, the most successful technique to measure the
RI of liquids consists of determining the critical angle in an
internal reflection configuration [1]-[3]. To do so, sophisticated
opto-mechanical or digital instruments are necessary. Such in-
struments (refractometers), typically use a fixed wavelength,
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involve a high-RI prism, and a system to heat or cool the
sample.

Refractometers based on critical angle measurements can
measure RI over a broad range, typically from 1 up to an index
close to that of the glass the prism is made of [1], [2]. The resolu-
tion that such refractometers achieve is between 10~ to 107°.
Miniaturization of prism-based refractometers to microscopic
dimensions without sacrificing resolution and measuring range
has been challenging. Therefore, refractometers based on crit-
ical angle measurements are not suitable for new or emerging
applications. For example, they cannot be used to monitor RI in
microfluidic environments [6]—[8] or other small spaces.

Refractometers based on optical fibers have been proposed
as an alternative to prism-based ones. Due to the high quality
and microscopic dimensions of optical fibers, these types of
refractometers are considered good candidates for the new chal-
lenges in refractometry. Current fiber-based refractometers (RI
sensors) can be classified in three main categories. The first one
exploits the interaction of evanescent waves of the guided light
with the liquid or sample under study. Such interaction can be
achieved with tapered or polished fibers [8]-[13] mode interfer-
ometers [14]-[18] or gratings [19]-[24]. The second category
is based on Fabry- Perot interferometry (FPI) [25]-[30]. The
last category exploits the RI dependence of Fresnel reflection
coefficients [31]-[35].

The main disadvantage of refractometers based on evanes-
cent wave interaction is the fact that they provide high resolu-
tion (higher than 10~*) only for indices close to the RI of the
fiber cladding [8]-[24] which is typically around 1.45. More-
over, the zone of interaction has a length of several millimeters,
and even of centimeters. In addition, they are highly sensitive
to temperature for which they require a temperature compen-
sation mechanism. On the other hand, refractometers based on
FPI measure either shift or visibility changes of an interference
pattern as a function of RI [25]-[30]. The drawback of most
FPI-based refractometers proposed until now is their limited
RI measuring range, their ambiguity, i.e., two distinct indices
can give the same value of visibility, or the complex fabrication
process to achieve uniform cavities. On the other hand, refrac-
tometers based Fresnel reflections tend to require complex inter-
rogation to fully compensate fluctuations of the optical source
or to uncontrollable losses in the optical fiber [31]-[35].

In this work, we demonstrate a cost-effective and accurate
interferometric fiber optic microrefractometer. It comprises an
off-center polymer microcap as the key element. The fabrica-
tion of our microrefractometer is simple and reproducible. The

0733-8724 © 2018 Crown Copyright
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Fig. 1. (a) Illustration of the off-center polymer microcap; d is the height of
the microcap and @ is the cleave angle of the SMF. (b) Schematic representation
of the set-up used to monitor the fabrication process and to interrogate the
samples. The micrographs show the sensor fabrication steps. (c) Micrograph of
an SMFwith a 40 pm-long polymer cap. SLD is superluminescent diode, SMF,
single mode fiber, FOC, fiber optic coupler, and PC, personal computer.

microcap is achieved by dispensing sub nano-liter amounts of
UV-curable polymer onto the end face of a conventional single
mode fiber (SMF) which is cleaved at a small angle. The refer-
ence beam of the microinterferometer is the light reflected from
the SMF-polymer interface and the sensing beam is the light
reflected from the polymer-liquid (sample) interface. We found
that the small cleave angle along with the size and shape of the
polymer microcap were crucial to tailor the contrast or visibility
of the interference patterns.

The distinct features of the microrefractometers introduced
here include, /) microscopic size; ii) operation over a wide wave-
length range, from 800 to 1600 nm, approximately; iii) broad
RI measuring range without ambiguity; from 1 up to a RI close
to the index of the polymer; iv) high sensitivity (107*) over
the whole measuring range; v) self-compensation of tempera-
ture, thus, eliminating heating or cooling systems or additional
reference temperature sensors.

We believe that with suitable polymers that can be bonded on
the tip of an optical fiber, the concept and approach reported here
can be used to develop a myriad of microsensors for chemical
or physical parameters, such as gases, pressure, etc.

II. DEVICE CONCEPT AND FABRICATION

Our device consists of a polymer microcap bonded on the
cleaved end of a single mode fiber (SMF) whose core diame-
ter was 4.4 or 9 ym and the cladding diameter was 125 pm.
An illustration of the device is shown in Fig. 1(a). To achieve
reproducible devices we implemented the set up depicted in
Fig. 1(b). Our set up included two 3-axis optical fiber alignment
stages (ULTRAIlignTM from Newport), a super luminescent
diode (SLD) with peak emission at 850 or 1550 nm as a light
source, and suitable optical fiber couplers. In addition, our set
up had a compact spectrometer (I-MON 512 USB from Ibsen
Photonics, or a CCS175/M from Thorlabs) and a CMOS camera
(DCU224C from Thorlabs) connected to a personal computer.
In this manner, we could monitor the fabrication process in real
time.
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The first step of the fabrication process was the cleaving of
two SMFs. One of the SMFs was used as a dispensing fiber and
the other was the SMF on which we wanted to bond the polymer
microcap. To cleave the SMFs we used a cleaver from Fujikura,
model CT-32. Such a cleaver provides a typical cleave angle of
~0.5°. The cleaved angles were inspected in a fusion splicer
(Fujikura 100P+). For higher reproducibility, we believe that
a fiber polishing machine can be used as in such machines the
angle of the fiber facet can be selected or fixed.

After the cleaving process, the SMF tips where cleaned with
alcohol in an ultrasonic cleaner. The tip of the SMF used as dis-
penser fiber was dipped into liquid polymer (NOAS81, Norland
Products Inc.). After withdrawing the SMF from the polymer, a
liquid micro-droplet was formed on the SMF tip, but the sides
of the SMF were also coated with polymer, see Fig. 1(b). Due to
gravity or vibrations, the liquid polymer on the SMF sides can
reach, in a matter of seconds, the fiber tip and may increase the
size of the droplet. To avoid this, we placed the SMFs in vertical
position.

The following step was the deposition of polymer on the SMF
that was used as microrefractometer. To do this, the SMF with
the polymer droplet and the other SMF were placed face to
face and were aligned with the aforementioned 3-axis stages.
To place the polymer cap only on the SMF facet, we launched
light through FOC to the uncoated SMF and analyzed the inter-
ference pattern with the spectrometer, see Fig. 1(b). Due to an
air gap between the facet of the uncoated SMF and the polymer
droplet, an interference pattern was observed. The alignment
was optimal when the interference patterns have high contrast.
Next, the SMF with polymer on the tip was moved towards the
other SMF until the polymer micro-droplet touched the end face
of the uncoated SMF; see Fig. 1(b). The dispensing SMF was
then moved away from the other SMF.

Due to surface tension, the polymer dispensed onto the SMF
face formed a spherical microcap. From the micrograph shown
in Fig. 1(b), it can be noted that the polymer cap is formed
only on the end face of the SMF. The final step of the fabrica-
tion process consisted in solidifying the polymer microcap. The
NOASI is a polymer that is cured fast with UV light (365 nm).
‘We found that an exposure of the microcap to UV light (CS2010
from Thorlabs) during 30 seconds was sufficient to solidify the
polymer. It is important to point out that the bonding between
the SMF and the polymer was permanent and strong.

After the UV curing process, the microcaps were inspected
with an optical microscope. After a single deposition process,
the height of the polymer microcap was ~15 pm. As the diame-
ter of the SMF is 125 pm, thus, the volume of polymer deposited
onto the SMF is ~ 0.15 nano-liters. To increase the size and vol-
ume of the microcaps we repeated the dispensing process. The
deposition of liquid polymer on solid polymer is possible. With
our technique, the height of the caps increased at approximately
10 pm each time the dispensing process was repeated. However,
the microcaps could not increase to arbitrary dimensions. We
observed that SMFs with caps whose height was higher than
45 pm exhibited poor interference patterns, probably due to the
strong curvature of the caps. We will see later that for accu-
rate refractometry the fringe contrast of interference patterns is
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important. Thus, the fabricated microcaps had a height between
20 and 45 pm.

In the literature, different methods to fabricate polymer opti-
cal elements, such as microlenses [36] and single or composite
microcavities [37]-[40] onto the facet of a SMF have been re-
ported. The deposition techniques so far reported involve mul-
tiple steps such as metal evaporation, manual or dip coating
processes, and chemical etching. None of such methods allows
the monitoring of the fabrication process in real time. In addi-
tion, the face of the SMF must be flat to achieve uniform cavities
or lenses with a well-defined shape. A substantial difference of
our technique with those previously reported is the fact that
we use a SMF cleaved at a small angle that makes the single
polymer microcap to be off center. Later, we will discuss the
advantages of our approach.

III. OPERATION PRINCIPLE

The SMF with a polymer microcap bonded on its cleaved end
depicted in Fig. 1(a) can be treated as a two-beam interferometer.
As the fiber used is single mode, the two beams that participate in
the interference will be considered as Gaussian beams [41]-[43].
The reflection from the SMF-polymer interface is the reference
beam of the interferometer. The sensing beam is the fraction of
light that is coupled to the SMF core from the reflection from
the polymer-external medium interface.

Let us suppose that the Gaussian beam that propagates in
the SMF core has a waist radius of wy and an amplitude Ej.
Such a beam is partially reflected at the SMF-polymer interface.
According to the electromagnetic theory of light, the amplitude
of the reflected (reference) beam can be denoted as F,.; and can
be expressed as:

B =nrEp. (D

In Eq. (1), r; is the amplitude reflection coefficient which
depends exclusively on the refractive indices of the polymer
(np) and the SMF core (n.) as 71 =~ (np — ne)/(np + ne). The
Gaussian beam that leaves from the SMF core broadens due
to diffraction. It reaches the polymer-external-medium inter-
face with a waist radius of w; = wy[1 + (dr/mn,wi)?)]'/? and
an accumulated phase ¢ = 27n,d/A. In these expressions, d
is the height of the polymer microcap and XA the wavelength
of the optical source. The transmitted Gaussian beam suffers
Fresnel reflection from the polymer-external-medium interface.
The amplitude of the reflected beam (E,5) can be expressed as
E.5 =ryEy(1 —r1) exp(—i¢). The amplitude reflection coef-
ficient, 75, depends exclusively on n;, and the refractive index
of the external medium (n. ) as o = (n, — ne)/(np + ne). The
waist radius of the reflected Gaussian beam that reaches the
SMF core can be denoted as wy. The latter can be expressed
in a similar manner than w;. It is important to point out that
the expressions for r; and 79 are valid for quasi-perpendicular
incidence.

In an ideal case, all the optical power of the reflected beam
from the polymer-external medium interface is coupled in the
SMF core. However, due to the broadening of the Gaussian
beam along with the angular misalignment of the two reflecting
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surfaces, only a fraction of optical power can be coupled to the
SMF core. The amplitude of the reflected beam that is coupled
back to the SMF core can be expressed as:

E, = nraEo(1 — 1) exp (—i2p) . @)

In Eq. (2), n is the coupling coefficient. It depends on the
cleave angle of the SMF, n,, d, A, w, and wo, it can be calculated
with Eqgs. (A7) and (A8) given in Ref. [42]. In Eq. (2), we have
assumed that the polymer is transparent in the wavelength range
in which we carried out the measurements. Note that F, can be
considered as the sensing beam of the interferometer.

The amplitude of the total reflected field (E7 ) is then the sum
of the reference (E,1) and the sensing beam (E. ). This means,

Er = Ey [7‘1 +nra(1— 7"1)2 exp(—i2<p)] . 3)

The total reflected intensity that can be measured is then
| Ex|? which, by defining I, = (Er/Ey)?, can be expressed as:
I =} +0%r3(1 — )" + 2nrira (1 —71)% cos(29).  (4)
The fringe visibility (V) of an interference pattern is defined as

the difference over the sum between the maximum and minimum
of I;. Thus, from Eq. (4), V is derived as

4n(1 = r)\/FiTs )

N 2ry + 202 (1 —my )27“2 ’

From Eq. (5), it is clear that the liquid or sample RI (n.)
can be calculated by monitoring the maxima and minima of the
reflection spectra. To do so, a low-resolution spectrometer can
be used. Note also that the coupling factor plays an important
role on V, hence, on the performance of the refractometers.

The RI of the SMF and the polymer depend on the wavelength
of the optical source. For a conventional SMF such a dependence
is well known. According to the polymer manufacturer, n, =
A+ B/A + C/2*, with A = 1.5375, B = 8290.45, and C =
—2.11046 x 10%. Thus, at A = 1550nm, n, = 1.5409.

IV. RESULTS AND DISCUSSION

In the literature, there are published works that describe inter-
ferometers fabricated at the tip of an optical fiber for refractive
index sensing [27]-[30], [40]. The main drawbacks of such
works is the need of complex fabrication process to achieve
composite or micro-structured cavities [27]-[30], the limited
range of indices that can be monitored, or the ambiguity of the
measurements. For example, two different indices give the same
value of visibility [40]. In addition, the effect of temperature is
not fully compensated. Therefore, there is need of miniature
fiber optic refractometers that rival in performance to those pre-
viously reported without the drawbacks mentioned above. Such
needs motivated the present work. We placed special emphasis
on the design of the microinterferometers and on their fabrica-
tion. Next, we discuss our results.

In Fig. 2(a) we show the theoretical value of I, for different
values of n. when 1 = 0.18. In Fig. 2(b) we show V versus RI
for different values of 7. The dashed- and dotted-line curves
shown in Fig. 2(b) could represent the cases of efficient cou-
pling. This means, the case when the external surface of the
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Fig. 2. (a) Spectra at different refractive indices (n.) calculated from Eq. (4)

when 7 = 0.18. (b) Theoretical visibility vs refractive index for different
values of 7.

polymer microcap is parallel or well aligned to the facet of the
SME. Such a situation can be achieved when the cleave angle
(6) of the SMF is 0° and the caps are small [40], [41]. Note that
in this case, the dependence of V on n is nonlinear. As a result,
two different indices given the same value of V. This ambiguity
make refractometers with centered polymer microcaps imprac-
tical [40]. However, when the polymer microcap is off center,
see the continuous line of Fig. 2(b), the ambiguity is eliminated
or minimized.

Based on the previous analysis, we fabricated several samples
in which the cleave angle of the SMF was 0.5° approximately.
Such a cleave angle is the typical value that is provided by the
cleaver we used. The deposition of polymer on the SMF tip
was as described above. To evaluate our microinterferometers
as a RI meters, we immersed the polymer-coated SMF tip in
calibrated refractive index liquids (from Cargille Labs). Due
to limitations, the calibration was done from 1.40 to 1.49 in
steps of 0.1. Between consecutive measurements, we cleaned
the SMF tip and ensured that the interference pattern returned
to its baseline. The measurements were carried out at constant
temperature (26.7 °C).

In Fig. 3, we show some spectra observed at different indices.
Due to the Gaussian emission of the light source used in the
experiments the peaks of interference pattern have not the same
amplitude. However, it can be seen how the interference pattern
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Fig. 4. Amplitude of the fast Fourier transform (FFT) as a function of refrac-
tive index. Squares are experimental points and the solid line is the theoretical
prediction. The inset shows the FFT as a function frequency for different indices.

shrinks as the RI increases. The calibration curve, i.e., visibility
as a function of RI, is shown in the figure. The dotted line shown
in the figure is the theoretical value calculated from Eq. (5)
with 7 = 0.18 which is turn was calculated from Eqs. A7 and
A8 provided in Ref. [42]. It can be noted the good agreement
between experiment and theory.

As the dependence of V on n, is nonlinear in the region around
1.1, we explored other possibilities to extract information of
RI from the interference patterns. We found that by means of
the fast Fourier transform (FFT) the nonlinear response can be
eliminated. In Fig. 4 we show the amplitude of the FFT as a
function of n.. The FFT was taken from the spectra shown
in the inset of Fig. 3. In the Fourier domain, a single peak was
observed. The amplitude of the FFT is the height of such a peak;
it is not affected by the shift of the interference pattern. Again,
the calibration curve agrees well with the theoretical value of the
FFT amplitude. Note the linear response of the FFT amplitude
(Fy) as a function of n,.

By normalizing, i.e., by considering that F}, = 1 when n, =
1, F}, as a function of n. can be expressed as

Fnzlfsn(nefl)- (6)
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This means that the calibration of our microrefractometer re-
quires knowledge of only one value (the refractive index of air).
We believe that such calibration is straightforward. Note from
Fig. 4, we can see that S, = 1/ (n, — 1). Thus, when n, = n,,
F, = 0. S, is the RI sensitivity. This means that the sensitivity
of our microrefractometer and the measuring range can be tuned
with the polymer RI. Thus, a refractometer with microcap made
of low-index polymer will have higher sensitivity and narrower
measuring range than one with a cap made of high-index poly-
mer. The FFT amplitude can be determined with high precision;
thus, the estimated resolution of our refractometer is 10~* over
the whole measuring range. Such a resolution is high enough
for most industrial applications.

We also fabricated some samples with single mode fiber
at 850 nm (780 HP from Thorlabs). The cleaving of such an
SMF was also made with the cleaver aforementioned. The
cleave angle was again 0.5°. The deposition of the polymer
on the fiber facet was carried out with the process described
above. The advantage in this case is the low cost of the mid-
resolution spectrometer necessary to interrogate the devices. As
the wavelength is shorter the period of the interference pattern is
shorter.

Figure 5(a) shows the spectra of a sample with a cap of
d ~20 pm for different values of n.. Note that maximum visi-
bility is achieved when n, = 1. The visibility and FFT amplitude
as a function of n, are shown in Fig. 5(b). Again, our theoretical
results agree well with the experimental ones. The dependence
of the FFT amplitude on n. can also be described with Eq. (6),
the only difference is the value of the n;, at A = 850 nm.

3577

Reflection (a.u.)

0 1550 157
Wavelength (nm)
(a)

1541
0,98

=
8
FFT Amplitude

£
< 15391
0,94

16381

0,92

\ | \
25 30 35 40 a5 50
Temperature (°C)

(b)

Fig. 6. (a) Reflection spectra observed at different temperatures. Ap, is the
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amplitude as a function of temperature. Squares (heating) and dots (cooling)
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theoretical predictions. The cavity size was 40 pym.

The temperature effect on our devices was also studied. Tem-
perature (7) modifies the RI of the polymer and the size of the
cavity as follows:

ny (1) = no(To) + (Ony /OT) =1, (T — Tp) 0]
d(T) = do(Tp) [1 + ar (T' — Tp)] (®)

In Eq. (7) and (8), (On,)/0T is the thermo-optic coef-
ficient (TOC) and oT is the thermal expansion coefficient
(TEC). For the NOASI, the TOC = —1.83 x 10~ and the
TEC =24 x 107"

Figure 6(a) shows the interference patterns of a sample with
d =40 pum at different temperatures. The position of a local
maximum of the interference pattern is denoted as Ap. It can
be observed that as the temperature increases the interference
pattern shifts to longer wavelengths. Fig. 6(b) shows the position
of A, as a function of temperature. The calibration curve gave
us a temperature sensitivity of 197 pm/°C. In the figure, we also
show the FFT amplitude (Fr) as a function of temperature.

From the figure, we get the following relationship between
Fr and temperature (7):

Fr =1- Spr(T - Tp) ©

In Eq. (9), Skr is the thermal sensitivity and we have assumed
that the FFT amplitude at temperature 7y = 25 °Cis 1.

From the calibration curve shown in Fig. 6, Spr = (1 —
Fry)/(Tx — Ty), with Tx an arbitrary temperature and Fry the
value of the FFT amplitude at 7x. In our case Sgr was found
to be —0.004/°C. Although the FFT amplitude changes little
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with temperature, it can cause errors in the measurements of RI.
Thus, the amplitude of the FFT when n. and 7 change can be
expressed as:

FnT(neyT):17[Sn(n671)7sFT(T7TO)}- (10)

It is interesting to note that n. does not shift the interference
pattern, but temperature does. Therefore, by monitoring the shift
of the interference pattern, or the position of A,,, 7'can be known,
hence Fy,r and the external refractive index at any temperature.
Therefore, the microrefractometer here proposed can be self-
temperature compensated.

V. CONCLUSIONS

We have reported on an accurate interferometric fiber optic
refractive index sensor which has micrometer size. Our sen-
sor provides linear response, broad refractive index measuring
range, and high sensitivity over the whole measuring range. The
fabrication of the sensors is simple and reproducible. An im-
portant advantage is that they operate at the well-established
telecommunications wavelengths. In our microrefractometers,
the key element is an off-center polymer microcap bonded onto
the facet of a single mode optical fiber.

We believe that the devices here proposed can be useful in
several applications that demand ultra miniature refractive index
meters. For example, they can useful to monitor index of liquids
inside micro-fluid channels or in other small spaces.

Their passive nature makes them attractive also in industrial
applications. Presently, polymers with tailored optical and phys-
ical properties can synthetized. Therefore, the performance of
the sensors here proposed can be further improved.

Other applications that we foresee are in the field of bio-
chemical sensing. In these applications, polymers permeable to
chemical or biological parameters will be required. Under the
presence of such parameters, the polymer refractive index can
change. Such changes can be detected or monitored with the
techniques reported here.

REFERENCES

[1] J.Rheims, J. Koser, and T. Wriedt, “Refractive-index measurements in the
near-IR using an Abbe refractometer,” Meas. Sci. Technol., vol. 8, no. 6,
pp. 601-605, 1997.

[2] M. H. Chiu, J. Y. Lee, and D. C. Su, “Refractive-index measurement

based on the effects of total internal reflection and the uses of het-

erodyne interferometry,” Appl. Opt., vol. 36, no. 13, pp. 2936-2939,

1997.

S. Kedenburg, M. Vieweg, T. Gissibl, and H. Giessen, “Linear refractive

index and absorption measurements of nonlinear optical liquids in the

visible and near-infrared spectral region,” Opt. Mater. Exp., vol. 2, no. 11,

pp. 1588-1611, 2012.

[4] L. Lei, H. Li, J. Shi, and Y. Chen, “Microfluidic refractometer with
integrated optical fibers and end-facet transmission gratings,” Rev. Sci.
Instrum., vol. 81, no. 2, 2010, Art. no. 023103. [Online]. Available:
https://doi.org/10.1063/1.3280226

[5] S. Y. Yoon and S. Yang, “Microfluidic refractometer with micro-image
defocusing,” Lab Chip, vol. 11, no. 5, pp. 851-855, 2011.

[6] P. Polynkin, A. Polynkin, N. Peyghambarian, and M. Mansuripur,
“Evanescent field-based optical fiber sensing device for measuring the
refractive index of liquids in microfluidic channels,” Opt. Lett., vol. 30,
no. 11, pp. 12731275, 2005.

[7] A.Kumar, T. V. B. Subrahmanyam, A. D. Sharma, K. Thyagarajan, B. P.
Pal, and I. C. Goyal, “Novel refractometer using a tapered optical fibre,”
Electron. Lett., vol. 20, no. 13, pp. 534-535, 1984.

[3

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 17, SEPTEMBER 1, 2018

[8] D. Monzén-Hernandez, J. Villatoro, and D. Luna-Moreno, “Miniature
optical fiber refractometer using cladded multimode tapered fiber tips,”
Sens. Actuators B, Chem., vol. 110, no. 1, pp. 36-40, 2005.

[9] J. Wo et al., “Refractive index sensor using microfiber-based Mach—

Zehnder interferometer,” Opt. Lett., vol. 37, no. 1, pp. 67-69,

2012.

K. Schroeder, W. Ecke, R. Mueller, R. Willsch, and A. Andreev, “A fibre

Bragg grating refractometer,” Meas. Sci. Technol., vol. 12, no. 7, pp. 757—

764, 2001.

G. Quero et al., “Evanescent wave long-period fiber grating within D-

shaped optical fibers for high sensitivity refractive index detection,” Sens.

Actuators B, Chem., vol. 152, no. 2, pp. 196205, 2011.

Y. Jung, S. Kim, D. Lee, and K. Oh, “Compact three segmented multimode

fibre modal interferometer for high sensitivity refractive-index measure-

ment,” Meas. Sci. Technol., vol. 17, no. 5, pp. 1129-1133, 2006.

R. Jha, J. Villatoro, G. Badenes, and V. Pruneri, “Refractometry based on

a photonic crystal fiber interferometer,” Opt. Lett., vol. 34, no. 5, pp. 617—

619, 2009.

Q. Wu, Y. Semenova, P. Wang, and G. Farrell, “High sensitivity SMS

fiber structure based refractometer—Analysis and experiment,” Opt. Exp.,

vol. 19, no. 9, pp. 7937-7944, 2011.

G. Salceda-Delgado, D. Monzon-Hernandez, A. Martinez-Rios, G. A.

Cardenas-Sevilla, and J. Villatoro, “Optical microfiber mode interfer-

ometer for temperature-independent refractometric sensing,” Opt. Lett.,

vol. 37, no. 11, pp. 1974-1976, 2012.

A. Datta and A. Saha, “Investigation of a multimode interference-based

high-sensitivity refractive index sensor realized by shining a zero-order

Bessel-Gauss beam,” J. Opt. Soc. Amer. B, vol. 34, no. 7, pp. 1327-1339,

2017

V. Bhatia and A. M. Vengsarkar, “Optical fiber long-period grating sen-

sors,” Opt. Lett., vol. 21, no. 9, pp. 692-694, 1996.

T. Allsop, R. Reeves, D. J. Webb, 1. Bennion, and R. Neal, “A high sen-

sitivity refractometer based upon a long period grating Mach-Zehnder

interferometer,” Rev. Sci. Instrum., vol. 73, no. 4, pp. 1702-1705,

2002.

F. Shen, C. Wang, Z. Sun, K. Zhou, L. Zhang, and X. Shu, “Small-period

long-period fiber grating with improved refractive index sensitivity and

dual-parameter sensing ability,” Opt. Lett., vol. 42, no. 2, pp. 199-202,

2017.

X. Fang, C. R. Liao, and D. N. Wang, “Femtosecond laser fabricated

fiber Bragg grating in microfiber for refractive index sensing,” Opt. Lett.,

vol. 35, no. 7, pp. 1007-1009, 2010.

W. Zhou, Y. Zhou, and J. Albert, “A true fiber optic refractometer,” Laser

Photon. Rev., vol. 11, no. 1, p. 1600157, 2017.

B.Jiang, K. Zhou, C. Wang, Y. Zhao, J. Zhao, and L. Zhang, “Temperature-

calibrated high-precision refractometer using a tilted fiber Bragg grating,”

Opt. Exp., vol. 25, no. 21, pp. 25910-25918, 2017.

S.D. Woodruff and E. S. Yeung, “Refractive index and absorption detector

for liquid chromatography based on Fabry—Perot interferometry,” Anal.

Chem., vol. 54, no. 7, pp. 1174-1178, 1982.

R. Gao, Y. Jiang, W. Ding, Z. Wang, and D. Liu, “Filmed extrinsic Fabry—

Perot interferometric sensors for the measurement of arbitrary refrac-

tive index of liquid,” Sens. Actuators, B Chem., vol. 177, pp. 924-928,

2013.

Z. L. Ran, Y. J. Rao, W. J. Liu, X. Liao, and K. S. Chiang, “Laser-

micromachined Fabry—Perot optical fiber tip sensor for high-resolution

temperature-independent measurement of refractive index,” Opt. Exp.,

vol. 16, no. 3, pp. 2252-2263, 2008.

S. Pevec and D. Donlagic, “High resolution, all-fiber, micro-machined

sensor for simultaneous measurement of refractive index and temperature,”

Opt. Exp., vol. 22, no. 13, pp. 16241-16253, 2014.

J. Tian, Y. Lu, Q. Zhang, and M. Han, “Microfluidic refractive index

sensor based on an all-silica in-line Fabry—Perot interferometer fabricated

with microstructured fibers,” Opt. Exp., vol. 21, no. 5, pp. 6633-6639,

2013.

P. Chen, X. Shu, H. Cao, and K. Sugden, “High-sensitivity and

large-dynamic-range refractive index sensors employing weak compos-

ite Fabry—Perot cavities,” Opt. Lett., vol. 42, no. 16, pp. 3145-3148,

2017.

J. R. Zhao, X. G. Huang, and J. H. Chen, “A Fresnel-reflection-based

fiber sensor for simultaneous measurement of liquid concentration and

temperature,” J. Appl. Phys., vol. 106, no. 8, p. 083103, 2009.

J.R. Zhao, X. G. Huang, W. X. He, and J. H. Chen, “High-resolution and

temperature-insensitive fiber optic refractive index sensor based on Fresnel

reflection modulated by Fabry-Perot interference,” J. Lightw. Technol.,

vol. 28, no. 19, pp. 2799-2803, Oct. 2010.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]



ARRIZABALAGA et al.: MICROREFRACTOMETER BASED ON OFF-CENTER POLYMER CAPS

[31]

[32]

[34]

[35]

[36]

W. Xu, X. G. Huang, and J. S. Pan, “Simple fiber-optic refractive index
sensor based on Fresnel reflection and optical switch,” IEEE Sensors J.,
vol. 13, no. 5, pp. 1571-1574, May 2013.

M. G. Shlyagin, R. Martinez Manuel, and O. Esteban, “Optical-fiber self-
referred refractometer based on Fresnel reflection at the fiber tip,” Sens.
Actuators B, Chem., vol. 178, pp. 263-269, 2013.

A. Basgumus, F. E. Durak, A. Altuncu, and G. Yilmaz, “A universal and
stable all-fiber refractive index sensor system,” IEEE Photon. Technol.
Lett., vol. 28, no. 2, pp. 171-174, Jan. 2016.

K. R. Kim, S. Chang, and K. Oh, “Refractive microlens on fiber using UV-
curable fluorinated acrylate polymer by surface-tension,” IEEE Photon.
Technol. Lett., vol. 15, no. 8, pp. 1100-1102, Aug. 2003.

P. C. Beard and T. N. Mills, “Miniature optical fibre ultrasonic hydrophone
using a Fabry-Perot polymer film interferometer,” Electron. Lett., vol. 33,
no. 9, pp. 801-803, 1997.

F. J. Arregui, 1. R. Matias, and R. O. Claus, “Optical fiber gas sensors
based on hydrophobic alumina thin films formed by the electrostatic self-
assembly monolayer process,” /[EEE Sensors J., vol. 3, no. 1, pp. 5661,
Feb. 2003.

J. Liu, Y. Sun, and X. Fan, “Highly versatile fiber-based optical Fabry—
Pérot gas sensor,” Opt. Exp., vol. 17, no. 4, pp. 2731-2738, 2009.
X.L.Tan, Y. F. Geng, X.J.Li, Y. L. Deng, Z. Yin, and R. Gao, “UV-curable
polymer microhemisphere-based fiber-optic Fabry—Perot interferometer
for simultaneous measurement of refractive index and temperature,” JEEE
Photon. J., vol. 6, no. 4, Aug. 2014, Art. no. 7800208.

[39]

[40]

[41]

[42]

[43]

3579

B. Sun ez al., “Simultaneous measurement of pressure and temperature by
employing Fabry—Perot interferometer based on pendant polymer droplet,”
Opt. Exp., vol. 23, no. 3, pp. 1906-1911, 2015.

W. P. Chen, D. N. Wang, B. Xu, C. L. Zhao, and H. F. Chen, “Multimode
fiber tip Fabry—Perot cavity for highly sensitive pressure measurement,”
Sci. Rep., vol. 7, no. 1, 2017, Art. no. 368.

S. Nemoto and T. Makimoto, “Analysis of splice loss in single-mode fibres
using a Gaussian field approximation,” Opt. Quantum Electron., vol. 11,
no. 5, pp. 447-457, 1979.

Y. St-Amant, D. Gariépy, and D. Rancourt, “Intrinsic properties of the op-
tical coupling between axisymmetric Gaussian beams,” Appl. Opt., vol. 43,
no. 30, pp. 5691-5704, 2004.

P. R. Wilkinson and J. R. Pratt, “Analytical model for low finesse, external
cavity, fiber Fabry—Perot interferometers including multiple reflections
and angular misalignment,” Appl. Opt., vol. 50, no. 23, pp. 4671-4680,
2011.

Authors’ biographies not available at the time of publication.



Sensors & Actuators: B. Chemical 297 (2019) 126700

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS 2

ACTUATORS

Miniature interferometric humidity sensor based on an off-center polymer | M)

cap onto optical fiber facet

Check for
updates

Oskar Arrizabalaga™*, Javier Velasco®, Joseba Zubia®, Idurre Séez de Océriz®, Joel Villatoro™®

2 Department of Communications Engineering, Escuela de Ingenieria de Bilbao, University of the Basque Country UPV/EHU, Plaza Ingeniero Torres Quevedo 1, E-48013

Bilbao, Spain
® Fundacién Centro de T logias Aer (CTA), Mifiano, Spain
© IKERBASQUE -Basque Foundation for Science, E-48011 Bilbao, Spain

ARTICLE INFO ABSTRACT

Keywords:

Optical fiber sensors
Interferometers
Microsensors
Polymer cap
Humidity sensors

In this work, we propose an interferometric humidity sensor based on a polymer micro-cap bonded off-center on
the polished end of a standard single mode fiber (SMF). In our sensor, the sensitive part is the micro-cap. In the
interferometer fabrication process, we can adjust the misalignment between the core and the micro-cap. It
allowed us to control the visibility of the interference pattern. In our device, water molecules absorbed by the
polymer microcap causes changes in the height of the microcap. This results in measurable shifts of the inter-
ference pattern. The fabricated samples were tested in a calibrated climatic chamber in the range from 10 to

“95% of relative humidity (RH). The sensitivity and resolution of our device was found to be 148 pm per %RH
and 0.04% RH, respectively. The obtained results suggest that our sensors can be useful to monitor relative
humidity (RH) in miniature spaces.

1. Introduction

Humidity measurements have relevant importance in many areas of
applications including, for example, manufacturing processes, [1]
breath monitoring [2-5], or meteorological studies [6]. Every of such
application demands specific humidity sensors. Therefore, factors such
as range of detection, stability, response and recovery times, sensitivity
or accuracy must be tailored when designing a humidity sensor. In
addition, cost, simple design, and small size of the sensor are also im-
portant.

The most mature technology to develop humidity sensors exploit
changes in resistance or capacitance of a humidity-sensitive thin film.
The material the film is made of, can be polymer, bio-material, metal
oxide, ceramic, or 2D material [7-11]. The physical changes of the thin
film induced by humidity are measured by means of electronic tech-
nology. Nevertheless, electronic humidity sensors have some draw-
backs. For example, they cannot measure humidity levels less than 5%,
have nonlinear behavior or hysteresis, and need regular calibration.
Besides, electronic humidity sensors may not work or cannot be used in
environments where electromagnetic fields are present.

As an alternative to well-established electronic humidity sensors,
those based on fiber optics technology have been proposed. Fiber optic
humidity sensors have important features such as electromagnetic

* Corresponding author.
E-mail address: oskar.arrizabalaga@ehu.es (O. Arrizabalaga).

https://doi.org/10.1016/j.snb.2019.126700

compatibility, remote sensing and multiplexing capabilities.
Additionally, fiber optic humidity sensors have miniature size and are
lightweight. As optical fibers are insensitive to humidity, an inter-
mediate hygroscopic material is usually necessary. Such material can be
deposited on a section or on the tip of an optical fiber. In this manner,
the guided light interacts with the hygroscopic material, which in turn
is exposed to humidity. The changes induced by humidity to such
material result in measurable changes of the guided light.

Optical absorption is a technique to detect humidity [12-15]. In this
technique, the evanescent field of the guided light interacts with the
hygroscopic material and the transmitted spectrum is monitored as a
function of humidity. The main disadvantage of this technique is that
power fluctuations of the light source or curvature in the optical fiber
can be misinterpreted as humidity.

Long period gratings (LPGs) [16] coated with a humidity-sensitive
material can also be used to detect humidity. In an LPG cladding modes
are excited [17], such modes are highly sensitive to changes of re-
fractive index of the material that coats the LPG [18]. Nevertheless, it is
difficult to have full control of the cladding modes that are excited with
an LPG, thus sensors based on LPGs have low yield [19-22].

Fiber Bragg gratings (FBG) [23] are also widely used to design and
fabricate humidity sensors. The working principle of these sensors is
based on changes in the Bragg wavelength of the FBG caused by the
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Fig. 1. (a) Schematic representation of the set-up used to
monitor the fabrication process and to interrogate devices. (b)
and (c) Micrograph of the fabrication steps where the polymer
is added to the end face of the SMF.(d) Micrographs of a
fabricated sensor sample. On top, frontal view of the off-center
of the micro-cap. Below, lateral view of the sensor. (e)
Illustration of the theoretical principle of our interferometer.

swelling of a hygroscopic material deposited around the segment of
fiber that has the grating [24,25]. An important advantage of FBG
sensors is their multiplexing capability. However, FBG humidity sensors
have low sensitivity, narrow measuring range, and slow response time
[26]. Since different materials possess different swelling properties,
many materials have been proposed by different groups in an effort to
improve the performance of such humidity sensors [27-29]. Also, dif-
ferent coating methods and thicknesses have also been studied with the
aim to improve the sensitivity of FBG humidity sensors [30-32].

Interferometry is another technique widely used for humidity sen-
sing. There are different ways to implement interferometers, as for
example, with tapered optical fibers [33,34], photonic crystal fibers
[35-37], or with a combination of different types of fibers [38,39]. The
main characteristic of most interferometric humidity sensors is their
cross sensitivity to humidity and to other parameters such as tem-
perature. An advantage of interferometers is the fact that they can de-
tect humidity even without a hygroscopic material [40]. Interfero-
metric humidity sensors have also some disadvantages. These include
low sensitivity to humidity and the narrow humidity range that they
can measure [41-43].

Fabry-Perot (FP) cavities are also good alternatives to monitor hu-
midity. In this case, a thin layer of hygroscopic material is deposited on
the end face of an optical fiber [44-47]. The advantage of this type of
humidity sensors is their miniature size. However, in most cases, the
deposition of the material is carried out manually [43,48-51]. Thus, the
reproducibility is low [48]. Many research groups have proposed dif-
ferent configuration of FP-based humidity sensors have to improve their
performance [52,53], but the thermo-optic (TO) and thermo-expansion
(TE) effects on the polymer have not been analyzed. On the other hand,
FP-based humidity sensors that can compensate temperature effect,
require an additional temperature sensor [49]. Therefore, despite the
many advantages that humidity sensors based on optical fibers have,
their characteristics must be improved to compete with their electronic
sensors counterpart. These characteristic include simpler design and
reproducible fabrication methods which may lead to lower sensor costs.
Other important factor include high sensitivity and accuracy, wide
measurement range, miniature size, no hysteresis, linear behavior,
stability, etc.

Based on the aforementioned, in this work, we propose a miniature
interferometric humidity sensor. The design of our device is simple
which allowed us to achieve high reproducibility. As a hygroscopic
material, we used nanoliter amounts of a UV-curable polymer (NOA 81
from Norland Products, Inc) that is commercially available. A simple
setup was implemented to monitor the fabrication process in real time.
In this manner, we achieved devices with well-defined interference
patterns that were analyzed with a low cost spectrometer. In addition,
in our devices, the effect of temperature on the polymer micro-cap can
be compensated with another interferometer isolated from humidity
[54].

According to the manufacturer, the polymer, once cured and aged,

can withstand temperatures from —150°C to 125°C. Therefore, the
devices here proposed are suitable for a myriad of environments or
aplications. The fabricated samples were exposed to humidity from 10
to 95% at different temperatures. The obtained results show that our
devices are highly sensitive to humidity (148 pm per %RH), are accu-
rate and as fast as a commercial capacitive humidity sensor. In addition,
the behavior of our sensor is linear over a broad range of humidity and
has no hysteresis. An additional advantage of our humidity sensors is
their microscopic dimensions.

2. Sensor fabrication process

The device fabrication consists of the following steps. Firstly, a
standard single mode fiber (SMF) was cleaved using a fiber optic
cleaver (model CT-32 from Fujikura). After that, the cleaved fiber was
polished flat with a fiber optic polishing machine, model NOVA from
Krell Tech. Once this was done, the SMF was cleaned and then clamped
to an optical fiber alignment stage (ULTRAlign” from Newport).
Additionally, a short piece of cleaved SMF was submerged in a com-
mercial polymer (NOA 81, from Norland Products). The polished and
the cleaved SMFs were clamped is separated fiber alignment stages that
were in vertical position. The SMF coated with polymer was placed
beneath of the polished SMF. Next, light from a super luminescent
diode (SLD) source, with peak emission at 850 nm, was launched to the
polished SMF end by means of a suitable optical coupler. The inter-
ference pattern generated by the two SMF faces was analyzed using a
mini spectrometer. Then, the SMF coated with polymer was approached
to polished SMF tip until the spectrum from the air gap formed between
the end face of the SMF and the polymer had a well-defined interference
pattern, see Fig. 1(b).

After this, the fibers were misaligned. The next step was to gently
move the dispensing fiber in the direction of the polished SMF until
both fibers were in contact, see Fig. 1(c). Then, the dispensing SMF was
moved downwards. As a result, an off-center micro-size polymer cap on
the end face of the polished SMF was formed, see Fig. 1(d). Finally, to
solidify the polymer cap, it was exposed to UV light during a few sec-
onds. By the polymer manufacturer recommendation, for an optimum
adhesion, the device was aged at 50 °C during 12h. In Fig. 1(d), we
show micrographs of the front and lateral views of the resulting
polymer cap onto the polished SMF.

We would like to point out that the process described above can be
carried out automatically. For example, similar opto-mechanical com-
ponents (mini cameras, translation stages, etc.), techniques, and
alignment process implemented in commercial fiber fusion splicers can
be adopted to align the dispensing and receiving fibers. Therefore, the
fabrication of the devices proposed here can be carried out in seconds.

3. Operation principle

The operating principle of our device is explained as follows. The
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Fig. 2. (a) Theoretical simulation of our interferometric device, calculated from Eq.(5) with an angular misalignment of 1.26° and without angular misalignment,
solid and dashed line, respectively. (b) Coupling coefficient versus axial misalignment.

fundamental SMF mode is considered as a Gaussian beam with ampli-
tude E,. Part of this beam, due to Fresnel reflection, will be reflected
towards the SMF core once it reaches the SMF-polymer interface. The
amplitude of the reflection is denoted as ry, see Fig. 2(a). Therefore, the
reflected wave, denoted as E,;, can be expressed as:

En = nEo, (€8]

where ry is the reflection coefficient and is calculated as r; = (n,-
n.)/(n, +n.). In the latter equation, n, and n. are the refractive index of
the polymer and the core of the SMF, respectively. The non-reflected
part of the wave will travel in the polymer until it reaches the polymer-
SMF interface. As the beam is Gaussian, the waist radius of such a beam
can be calculated as w; = wy[1 + (dl/nnpwoz)2)]1/2 . The accumulated
phase of the beam is given by the expression: ¢ = 27n,d/A. In the ex-
pressions of wy and ¢, d is the height of the polymer microcap and A the
centered wavelength of the optical source, and is wy is the waist of the
beam before leaving the SMF core.

After reaching the polymer-external medium interface, the wave
will be reflected back due to the Fresnel reflection. The amplitude of the
reflected beam can be mathematically written as:

E;; = Eon(1 — n)exp(—ig), )

where r;, is the reflection coefficient in the interface polymer-outside
medium and is calculated as r,= (n. / n,)/(n.+ng), being n. the re-
fractive index of the external medium. The waist radius of E,, beam that
reaches the SMF core can be denoted as wq. It can be expressed in a
similar manner than w;.

Due to the misalignment of the polymer-cap, the portion of the re-
flected wave that is coupled in the SMF core will be [55,56]:

E. = nnEo(1 — n)*exp(—i2¢), 3)

where 7 is the coupling coefficient that can be calculated from Egs.
A7 and A(8) given in reference [55]. It depends strongly on the angular
misalignment, 6, see Fig. 1(e). Thus, the amplitude of the total reflected
wave (Er) is the sum of E,; and E,, that it is:

Er = Eo[n + nia(1 — n)?exp(—ig)]. “@

Therefore, the total reflected intensity that can be measured with a
light detector can be expressed as I, = (E1/Eo)> The result of this op-
eration turns out to be:

L=r+7r1 - n)* + 2pn(1 — n)?cos(29). ©)

It can be noted that Eq. (5) is not the typical expression assumed by
most authors for Fabry-Perot interferometers [48,57] which is con-
sidered as a two beam interferometer. The divergence of the beam that
leaves the SMF and the features of the interface of the polymer (or any
other material) and the external medium determine the performance of
the interferometer, hence of the sensor.

From Eq. (5) it is possible to deduce that the maximums of the I, will
be given when ¢ =2mx and the minimum when ¢ = @2m + I)x, m

being a positive integer. So, the wavelengths of the interference pattern
where I, takes maximum values will be located at:

Am = (20pd)/m 6)

The visibility (V) of an interference pattern is defined as the dif-
ference over the sum between the maximum and minimum of such a
pattern. Thus, from Eq. (5), we can derived V as:

_ 4 - n)Jin)
21+ 271 — n)n %)

From Eq. (7), it can be deduced that it is possible to achieve a
maximum value of V by adjusting the coupling coefficient n, which
depends on the axial misalignment 6, ny, d, A\, wo, and wq [55,58].

According to Eq. (5), the maximum value of V is found when the
n = 0.17. This value was found by calculating n when 6 = 1.26°. We
also have plotted Eq. (5) when 6 = 0, that is when n = 1. In Fig. 2(a),
we have graphed the comparative of both mentioned situations. It can
be seen that the visibility increases 40% due to the off-centering of the
microcap. Fig. 2(b) shows the strong influence of the misalignment on
the coupling coefficient , and consequently, on the visibility of the
interference pattern, see Eq. (7).

4. Experimental results

The polymer that we used to fabricate the micro caps onto the SMF
can absorb water molecules [59]. Such polymer swells when it is ex-
posed to relative humidity (RH). Consequently, the height of the micro-
cap d, will increase if RH increases. Thus, our device can be used as a
humidity sensor. According to Eq. (6) and, by assuming constant tem-
perature, A, will shift to the red if d increases (RH increases), or will
shift to the blue if the RH decreases.

Our devices were assessed as humidity sensors in the Aerospace Test
Laboratory located in Mifiano, Spain. To do so, the interrogation system
shown in Fig. 1(a) was used. A broadband light from a super lumines-
cent diode source (SLD), model OFLS- S from Safibra, was launched into
the core of the SMF through a suitable optical coupler. By means of a
mini-spectrometer (CCS 100 from Thorlabs), one of the maximum wa-
velengths (A,,) of I, was tracked and analyzed. After that, our devices
were placed inside of a calibrated climatic chamber (mode Climacell,-
from MMM Group). A capacitive humidity sensor was used as a re-
ference. The climatic chamber was programmed in order to subject our
devices to different tests.

In Fig. 3(a), it can be seen the shift of the spectrum of one of our
device when it was exposed to different concentration of RH at 22 °C.
Note the good agreement between the experimental spectrum and the
theoretically calculated spectrum shown in Fig. 2(a). Fig. 3(b) shows
the response of our device when it was exposed to RH from “10 to ~ 95%
in steps of 15% and down to “10% in the same steps. It can be noted that
our device provided information about RH as accurate as the electronic
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Fig. 3. (a) Spectra at different RH of our sensor, A, denotes the tracked maximum. (b) Comparative in real time between our device and the capactive humidity

sensor of the calibrated climatic box.
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Fig. 4. (a) Comparative in real time between our device and the capactive humidity sensor of the calibrated climatic box at 50 °C. (b) The same comparative that the

previous one but with the climatic box at 50 °C.

sensor located in the climatic chamber.

The aforementioned tests, were also carried out at 50 and 70 °C and
the results obtained are shown in Figs. 4(a) and 4(b). These graphs
show how the tracked wavelength (\,,) of the spectrum, shifts to the
red or to the blue according to the climatic chamber RH variations.
From the data of the aforementioned graphs, our sensor was calibrated
for each temperature test carried out. The result as summarized in
Fig. 5(a). From the sensor calibration, it can be seen that our sensor
behaves linearly and without hysteresis.

The response of our device to cycles of RH between 30 and 90% was
also studied. The results are shown in Fig. 5(b). Note also that in this
case of our device provides again accurate information as an electronic
humidity sensor.

To compensate the temperature effect on our sensor we need to
understand the response of the polymer micro-cap to temperature. By
differentiating Eq. (6) with respect to temperature we get [54]:
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This means that temperature will cause a shift to A,. Thus, to
compensate the temperature effect on our devices will be necessary to
use two SMF with polymer microcaps, one of them must to be isolated
from humidity.

The effect of temperature on the maximum of the interference
pattern (\,) and on the RH sensitivity (Sgy) is calculated according to
the two following equations:

Am(T) = 827, 6 + 0.254-T (nm/°C), ©

Sru(T) = 0.148 — 0.0033-T + 5, 9E — 5-T? (nm /%RH). (10)

Furthermore, the resolution of our sensor was found to be 0.04%
RH.
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Fig. 5. (a) Plot of RH versus of A, at differents temperatures. At all temperatures the response of our sensor was linear and without hysteresis. (b) Response of our
sensor when it is exposed to several cycles of RH variations from “30 to "90% at 22 °C.
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5. Conclusions

We have reported on an accurate interferometric fiber optic hu-
midity sensor which has miniature size. Experimentally, it has been
shown to be as fast, accurate and sensitive as a commercial capacitive
humidity sensor with which it has been compared. Our sensor provides
linear response, broad humidity measuring range, and high sensitivity
over the whole measuring range. The fabrication of the sensors is
simple and reproducible. In our humidity sensor, the key element is an
off-center polymer microcap bonded onto the polished facet of a single
mode optical fiber. It can be possible compensate the temperature effect
on the polymer by using two of our devices, one of them isolated from
humidity.

We believe that the devices here proposed can be useful in minia-
ture spaces where reliable and accurate humidity measurements are
needed. Other applications that we foresee are in the field of bio-che-
mical sensing. In these applications, synthetized polymers with tailored
optical and physical properties will be required. Then, under the pre-
sence of the parameters to sense, the interference pattern will change,
and therefore will be detected or monitored with the techniques pro-
posed in this work.
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