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Resumo

Os sensores em fibra optica sao uma das areas de investigagao mais proeminentes
no dominio da fibra 6ptica. Este campo foi fortemente estimulado com o aparecimento
das Fibras Opticas Microestruturadas (MOFs) que possibilitam o controlo estrutural de
fibras a uma escala muito pequena. Em particular, MOFs com alvéolos que permitem a
interaccao de luz com fluidos sao elementos promissores em novos esquemas de deteccao.
Esta dissertacao abrange o fabrico, pos-processamento e aplicacao de MOFs em sensores
de fluidos.

Apo6s uma breve revisao dos sensores quimicos em fibra 6ptica, é descrito o processo
de desenho e fabrico de uma MOF com cinco alvéolos, assemelhando-se estruturalmente a
"uma lagarta", através de um processo de empilhamento e estiramento, com a intencao da
sua aplicagao em sensores de fluidos. Esta fibra foi seguidamente pés-processada usando
um feixe de ides focado para a criacao de canais microfluidicos que permitem a entrada
de fluidos do exterior para o interior da fibra mesmo que os seus extremos sejam fechados.

Posteriormente, uma fibra de ntcleo suspenso fundida com uma fibra monomodo re-
sultou na proposta de uma nova configuracao para um sensor de compostos organicos
volateis. Enchendo os alvéolos da fibra com estes compostos na fase liquida através de
forcas de capilaridade e observando a dinamica do processo de evaporagao foi possivel
diferenciar o comportamento de acetona e de alcool isopropilico, abrindo as portas para
uma nova classe de sensores baseados na monitorizacao de fenémenos de evaporagao.

No final sao apresentadas propostas de futuros desenvolvimentos baseados no que foi
concretizado com esta dissertacao, evidenciando o potencial que este trabalho poderé ter

na area dos sensores em fibra optica.

Palavras-Chave: fibras 6pticas microestruturadas, sensores em fibra Optica, estira-
mento de fibras, feixe de ioes focado, pos-processamento de fibras, compostos organicos

volateis, sensores de fluidos.
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Abstract

Optical fiber sensors are one of today’s most prominent research fields in the optical
fibers’s domain. This area has been greatly stimulated by the appearance of Microstruc-
tured Optical Fibers (MOFs) which allow the structural tailoring of fibers at a very small
scale. In particular, MOFs with holes that allow the interaction of fluids with light hold
promises in new detection configurations. The present dissertation addresses the fabrica-
tion, post-processing and application of MOFs in fluid sensing.

After a brief review on chemical optical fiber sensing, the design and fabrication of a
five-hole caterpillar-like MOF through a stack-and-draw procedure is described, envisaging
future applications in fluid sensing. This fiber was subsequently post-processed using a
Focused Ion Beam in order to create microfluidic channels to the external environment
that would allow fluids to flow in and out of the fiber even after being spliced on both
ends.

Afterwards, a suspended-core fiber was fusion spliced to a single-mode fiber and a new
sensing configuration was proposed for the detection of volatile organic compounds. By
allowing these substances to fill the fiber’s holes in the liquid phase through capillarity
forces and then tracking their evaporation dynamics, it was possible to distinguish the
behaviour of acetone and isopropyl alcohol, paving the way to a new class of sensors based
on evaporation monitoring.

Finally, proposals on future developments based on what was achieved with this dis-
sertation are mentioned, evidencing the potential that this work may have in the area of

optical fiber sensing.

Keywords: microstructured optical fibers, optical fiber sensors, fiber drawing, focused

ion beam, fiber post-processing, volatile organic compounds, fluid sensing.
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Chapter 1

Introduction

1.1 Motivation

Until the 1970s, telecommunications were limited by the then used coaxial cable
microwave technology, both in terms of slow bit-rates and short lengths for signal re-
peaters [1]. In 1966, Charles Kao and George Hockman laid the theoretical foundations
of optical fiber waveguides 2] which, together with the discovery of the laser in the 1960s
as a coherent light source, would soon revolutionize telecommunications. Kao’s crucial
contribution was later recognised with the 2009 Nobel Prize in Physics " for groundbreaking
achievements concerning the transmission of light in fibers for optical communication" |3].

Optical fibers were indeed one of the most important technological achievements of the
XX century. A description of the evolution of optical fibers for communication systems
can be found in the literature [1]. Since the 1970s, this technology has been further devel-
oped due to society’s need to continuously improve the efficiency of telecommunications.
This lead to today’s modern systems that use: low loss, dispersion-shifted single mode
fibers (SMFs), with attenuation coefficients as small as 0.2dBkm ™!, which extend the re-
quired signal repeater length above 100 km; all-optical signal amplification schemes, which
eliminate the need for slow optoelectronic conversion circuits; and wavelength-division
multiplezing (WDM), which allows the simultaneous usage of several wavelengths for in-
formation transmission. Present-day technology works with bit-rate-length productdl] of

over 10Pbs™! - km, 8 orders of magnitude above those of microwave coaxial cables. To-

LA figure of merit to compare communication systems which consists on the product of bit-rate with
the required length between signal repeaters.
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day, optical fiber technology powers all kinds of ground-level communication systems,
from intercontinental information transmission to distribution of media contents at the

individual house level.

That said, considering the massive economic relevance of telecommunications, it is
understandable that fiber optics is one of today’s most prominent research areas. Through
a spillover effect, this led to other applications such as fiber lasers, supercontinuum light
sources, particle scintillators, and, notably, fiber sensors [4]. Optical fiber sensors are built
on this large bandwidth multiplexed technology with numerous advantages in comparison
with conventional electronic sensing setups and several review papers about fiber sensing
technology can be found in the literature [4,5]. Fiber sensors are lightweight, small
and immune to electromagnetic interference. The transduction process is performed by
the interaction of light that propagates within a fiber with the external environment.
Depending on the type of interaction, several properties of light can be altered, such
as intensity, wavelength, phase or polarization. These properties can be translated into
measurements of multiple physical parameters such as strain, curvature, temperature,
pressure, torsion, magnetic field, or refractive index, as well as chemical and biological
properties. Due to these factors, optical fiber sensors have already developed into a
market of their own, with a 2012 global market size of 1.5 billion USD and estimated

annual growth rates ranging between 10% and 20% until 2017 [6,/7].

Several different sensing elements and setups have been used in optical fiber sensing.
One can remotely measure light that is reflected or transmitted from a fiber sensor, and
in some cases a single fiber can be used to measure properties along its length, either
continuously, by measuring intrinsic scattering effects with Optical Time-Domain Reflec-
tometry (OTDR), or discretely, using WDM to obtain information from several sensors
by restricting interactions in a specific sensing element with predefined wavelengths, for
example. In addition, different sensing elements are characterised by the process through
which light interacts with measurands. Some notable sensing elements are Fiber Bragg
Gratings (FBGs), Long Period Gratings (LPGs), Quantum Dots, Tapers or Plasmonic
Coatings.

Moreover, the need for tailoring specific fiber properties such as dispersion and bire-
fringence resulted in the unprecedented ability to create a large variety of fiber designs

at an even smaller scale — the so called Microstructured Optical Fibers (MOFs). In par-
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ticular, one can create a wide diversity of microstructured fibers with holes to allow the
inflow of fluids and maximize their interaction with light propagating inside the fiber.
This approach holds promises in high sensitivity sensing applications such as industrial
or environmental process monitoring or biochemical analysis. This dissertation focuses

on the exploration of MOFs for fluid sensing applications.

1.2 Aim and Objectives

The aim of this dissertation is to cover a wide range of aspects related with MOFs for
fluid sensing, from their fabrication to the actual implementation in a particular sensing

configuration. To accomplish this, the following objectives were defined:

e Fabrication of an MOF with large holes for easier filling with fluids;
e Manufacture of MOF-based sensing heads;

e Post-processing of the MOFs for the creation of microfluidic channels to allow the

infiltration of fluids;

e Study of sensing configurations for the identification of Volatile Organic Compounds.

1.3 Structure

This document starts with an overview on chemical optical fiber sensing. The most
common sensing configurations and principles are described as well as the relevance that
MOFs have in this regard. Additionally, the importance of interferometry is revealed,
with this being one of the main tools that can be exploited in optical sensing.

Following this overview, the fabrication and post-processing of an MOF with a struc-
ture which resembles that of a caterpillar is presented. Targeting the manufacture of
interferometric fluid sensors, this fiber is comprised of five large holes separated by sub-
micrometric walls and was fabricated through a stack-and-draw procedure. After drawing,
several fiber samples were post-processed using a Focused Ion Beam in order to create
microfluidic channels that allow fluid flow even after splicing to other standard fibers.

The results of both the fabrication and post-processing steps are detailed.
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Afterwards, special attention is given to Volatile Organic Compound sensing. The
relevance of these substances is presented, as well as a review on their detection with
optical sensors. Subsequently, the large holes of a Suspended-Core Fiber are filled with
volatile compounds and their evaporation dynamics are tracked. This methodology is
used to distinguish between two compounds according to differences in their respective
dynamics.

Finally, after summing up the information presented, a list of potential further devel-

opments is given.

1.4 Outputs

The work developed throughout this dissertation was communicated to the scientific
community through the publication of a paper in a scientific journal of reference and

through oral and poster presentations in three conferences, as listed below:

e J. P. Moura, H. Baierl, J.-L. Auguste, R. Jamier, P. Roy, J. L. Santos, and O.
Frazao, Fvaporation of volatile compounds in suspended-core fibers, Optics Letters,

vol. 39, no. 15, 2014;

e J. P. Moura, H. Baierl, J.-L.. Auguste, R. Jamier, P. Roy, J. L. Santos, and O. Frazao,
Fluid evaporation monitoring with suspended-core fibers, II International Conference

on Applications of Optics and Photonics, 26-30 May 2014, Aveiro, Portugal;

e J. P. Moura, H. Baierl, J.-L. Auguste, R. Jamier, P. Roy, J. L. Santos, and O.
Frazao, Fvaporation of fluids in suspended-core fibers, Third Mediterranean Pho-

tonics Conference, 7-9 May 2014, Trani, Italy;

e J. P. Moura, J. L. Santos, and O. Frazao, Evaporation of fluids in microstructured
fibers, IJUP’14 — 7th Meeting of Junior Researchers from the University of Porto,
13 Feb 2014, Porto;

e J. P. Moura, J. L. Santos, and O. Frazao, Fvaporacio de Compostos Voldteis em
Fibras de Nicleo Suspenso, FISICA 2014 — 19 Conferéncia Nacional de Fisica, 2-4
Sep 2014, Lisboa.









Chapter 2

Chemical Optical Fiber Sensing

2.1 Introduction

Chemical sensing is a crucial step in diverse applications such as the monitoring of
environmental parameters, quality control in industrial processes or the identification of
biochemical elements in medical analysis. The potential that optical fiber sensors have in
this regard has led to strong research efforts in this area. In this chapter, a short review
on chemical sensing of gases and liquids using optical fibers is presented, contextualizing

the work that was carried.

In most optical fiber sensors for fluid sensing, a gas or liquid is detected by enabling
its interaction with light. This can be performed using a variety of sensing principles and
configurations. One of the earliest chemical sensors is the optrode, depicted in fig. [2.1]
where the analyte modifies the optical properties of a reacting material which is probed
by a single mode optical fiber (SMF) [5,8.,9]. Optical properties such as reflectance, ab-
sorbance, fluorescence or chemiluminescence can be measured in reflection or transmission
geometries to identify the presence of the analyte to which the reagent phase reacts to [4].
Notwithstanding its simple geometry, the optrode is still the object of extensive research
since specific sensors can be created just by altering the chemical/biochemical properties

of the reagent phase [10].
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R

Figure 2.1: An optrode has a reagent phase (R) that reacts with the analyte. A

probe beam (P) interacts with the reagent phase and is detected (D) afterwards. Two

possible geometry variations are shown: reflection (top) and transmission (bottom).
Figure reproduced from [9].

2.2 Microstructured Fibers in Chemical Sensing

Independent of the sensing configuration, the higher the interaction between light and
the analyte, the better the sensor performance will be. In general, by increasing the
overlap of guided modes with the analyte, a sensor’s sensitivity is increased [11].

One can then conclude that microstructured optical fibers (MOFs) have a great poten-
tial for biochemical optical fiber sensing since they allow great design flexibility. Fluids
can be placed inside the holes of MOFs where light propagates either mostly inside a
large central hole (Photonic Bandgap Fibers) or evanescently inside the smaller holes
that compose the cladding through Total Internal Reflection (TIR). Thus, by appropri-
ately calibrating parameters related to the overall structure, like core diameter, refractive
index of glass, diameter of air holes, pitch and the cross-section lattice structure, it is
possible to increase the hole power fmctionﬂ [12]. Furthermore, since MOFs are in gen-
eral composed only of silica glass, their temperature sensitivity is inherently small, thus
reducing cross-sensitivity between temperature and the measurand [13]. A more detailed
review on the origin and fabrication of MOFs will be presented in chapter [3]

Regarding hole power fraction maximization, photonic bandgap fibers would in princi-
ple be better suited for chemical sensing since propagation happens almost entirely inside
the hollow-core region (with hole power fractions that can be higher than 95%) [14].
However, TIR MOFs are easier to fabricate and splice to SMFs [11}/15]. Thus, TIR MOFs

are often still preferred over photonic bandgap fibers, even though the former have much

IThe evanescent or hole power fraction can be defined as the evanescent power flux that propagates
within the holes of a MOF or in other air-filled regions, divided by the fiber’s total power flux.

8
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lower power fractions inside air holes, requiring higher fiber lengths to attain the same
equivalent free-space interaction length?l Nonetheless, by correctly designing the cross-
section of a TIR MOF one can obtain hole power fractions high enough to allow their
usage in practical applications [16].

The interaction between the evanescent field in microstructured fiber holes and fluids
has been the object of extensive study for sensing purposes which translates in a high
number of published reviews [11}/12}/15,/17,|18]. These report the large variety of setups
used in fluid sensing with MOFs which can either be based on surface functionalization
with a reagent phase for increased specificity, or label-free measurements of refractive
index or absorption spectrum.

MOFs can be filled with fluids simply by placing the fiber in an environment with the
liquid or gas that one intends to measure. If both ends of the MOF are open, capillarity
forces are in general sufficient for complete filling of the MOF. However, in the case of
liquids, if one end of the MOF is closed, capillarity will only work until it is counterbal-
anced by pressure forces of air that remains inside the MOF. In these situations, more
complex setups may include micropumps, syringes 12| or lateral openings that enhance

fluid diffusion times [17].

2.3 Spectroscopy, Functionalization and Non-Linear Ef-
fects

One of the available techniques for fluid sensing with MOFs consists on exciting a liquid
or gas either with a broadband source or a tunable laser and measuring its absorption
spectrum in reflection or transmission. Molecules generally show several characteristic
vibrational absorption lines in the visible and near-IR region that can be excited and
monitored using available optical fiber equipment [15,[18|. Spectroscopical analysis of
analytes avoids the need for sensor functionalization, reducing the sensor’s manufacturing
complexity and increasing its stability over time since there is no functionalized surface

degradation [5,/12]. This technique has been used to detect industrially relevant gases

2The equivalent free-space interaction length gives the length that a MOF should have such that the
cumulative interaction of light with a fluid is the same as a unit length of free-space light propagation
through the same fluid. It is a useful concept to compare MOFs in terms of their interaction efficiency
and it is strongly influenced by the hole power fraction. As an example, a MOF with a hole power fraction
of 50% has an equivalent free-space length of 2m.
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such as acetylene, methane, hydrogen and volatile organic compounds.

Even so, functionalization allows the detection molecules that do not have such charac-
teristic spectral features. Usually a fluorescent label with well defined spectral properties
is used such as quantum dots or organic dyes [18]. Quantum dots are particularly promis-
ing in this matter due to their photostability and flexibility in terms of multiplexing and
functionalization which enable applications with great specificity [19]. MOF fluorescence
spectroscopy has been used to detect complex molecules such as caffein, antibodies and

DNA strands.

Non-linear effects such as Raman Scattering, Four Wave Mizing and Surface Plasmon
Resonance (SPR) can also be exploited for fluid sensing [12|. In particular, SPR appears
as an increasingly interesting solution in biochemical sensing. SPRs are guided modes
that exist at a metal-dielectric interface. By coating the holes of an MOF with a metal
like gold, SPR modes are allowed to propagate inside the optical fiber. When the holes
are filled with a certain fluid, the effective refractive index of the SPR mode is altered,
resulting in measurable spectral changes. One can then identify a solution by measuring
its refractive index. SPR-based sensors are one of today’s hot topics in MOF sensing
and high resolutions have been achieved with this type of sensors. Fig. shows the
results of simulations performed by Bing et al. |20] in which a metal layer was deposited
on the larger holes of an MOF, represented in Fig. . Both core and SPR modes are
displayed in Fig. as a function of transverse position across a specific fiber axis

(white dashed line in Fig. [2.2 (a))).

2.4 Interferometric Configurations

Interferometry is recurrently used in optical sensing since it enables the creation of
sensors with high dynamic range, accuracy and sensitivity [13]. The basic principle is
the interference of light waves that follow different optical paths. By changing physical
or chemical environmental parameters such as temperature or fluid concentration, one or
more optical paths are changed, which translates to information that can be retrieved by
measuring phase, wavelength, visibility or others.

Essentially, interferometers vary on their beam splitting and recombining mecha-

nisms and can be characterized accordingly. Noteworthy are Fabry-Perot, Mach-Zehnder,

10
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x1017
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w

0 1 2 3 4 5 6 7
Arc-length x107°
(b)

Figure 2.2: @ Simulation of power flow in an MOF where the larger holes are

coated with a metal layer. The power profile is plotted in @ as a function of position

across the dashed white line, where both guided and SPR modes are visible. Figures
reproduced from .

Michelson, Fiber Loop Mirror and modal interferometers.

Fabry-Perot interferometers consist on two surfaces that divide the incoming beam in
reflected and transmitted components. Fig. has two examples of fiber Fabry-Perot
interferometers where the surfaces are either the interfaces between the fiber and air (top
figure), or, in general, two surfaces with reflection coefficients Ry and Ry (bottom figure).
These surfaces form a cavity that can be fabricated using etching, FBGs, metal films or

simply by splicing an MOF to an SMF.

The spectrum of a classical Fabry-Perot interferometer has several peaks with finesse

and visibility that depend on the reflectivity of the cavity surfaces and a free spectral

Alr m]é m
Fiber :

L %

2

R, R
Fiber aL al

(a) (b)

Figure 2.3: Examples of @ Fabry-Perot and'@l Mach-Zehnder fiber interferometers.
Figures reproduced from .
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range (FSR), distance between consecutive peaks, given by

)\2
FSR~ — 2.1
SR~ o (2.1)

where ) is the wavelength of one of the peaks considered, n is the refractive index of
the cavity and L is the cavity’s length [21]. More generally, 2nL is the optical path
followed by light that enters the cavity. From equation [2.1]it is clear that changes either
in refractive index or cavity length will translate in measurable spectral features. Indeed
this is the principle of Fabry-Perot sensors that measure strain (which directly changes
L), temperature (which can either change L by thermal expansion or n through thermo-

optical effects) or fluids (which have different refractive indexes).

Fabry-Perot interferometers are very easy to create. In fact, if one excites an optical
fiber during the splicing alignment process and analyzes its reflection, it is possible to
observe the characteristic Fabry-Perot spectrum changing as the distance between fibers
changes. Fig. [2.4 (a)| shows this effect for various distances between fibers, manually
controlled with an electric-arc fusion splicer, and @ is a plot of the FSR as a function of

cavity length where the 1/L dependency can be clearly observed.

In Mach-Zehnder and Michelson interferometers, light is divided in two arms, in which
one of the arms interacts with the measurand and the other is kept isolated to serve as
a reference [13,22,123]. When light is recombined, the interference pattern between both

arms will vary with the phase differences that the sensing arm suffers. The usual procedure

Fabry-Perot Cavities with different lengths
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Figure 2.4: @ Spectrum of Fabry-Perot cavities with different cavity lengths and
@ plot of the free spectral range as a function of cavity length.

12



2.4. Interferometric Configurations

consists on using the fiber core as the reference arm and cladding modes as the sensing
arms, since these are closer to the external environment. Several methods can be used to
divide light and couple it to cladding modes. Fig. [2.3 (b)| shows some examples, such as
(from figure top to bottom) Long Period Gratings, fibers spliced with a transverse offset,
fiber segments with smaller core diameters and tapers. Mach-Zehnder interferometers
can also be built with MOFs by collapsing the fiber structure which broadens the input
beam from an SMF and allows excitation of cladding and core modes [24]. Michelson
interferometers distinguish themselves from Mach-Zehnder ones from the fact that beams
are reflected back and are recombined by the same element that performs beam splitting.
The fact that each beam goes through the same optical path twice can be harnessed to

obtain sensors with higher sensitivity.

Fiber Loop Mirrors use interference effects between counter-propagating beams in
an optical fiber loop [13,22]. This type of interferometer has seen great application in
gyroscopes [4]. When a fiber loop rotates around the axis perpendicular to the loop, a
phase difference between both beams is created due to the different flight times induced by
the rotation. Fiber Optic Gyroscopes where first developed in 1981 by Bergh et al. |25] and
today are used on critical industries such as aerospacial or military. Fiber Loop Mirrors
can also employ interference due to polarization effects (fig. [2.5 (a)). In this matter,
Highly-Birefringent (HiBi) MOFs are used due to their strong polarization-dependent
response. For example, in an MOF with two small holes positioned symmetrically in
relation to the fiber’s core, one of the polarizations will observe stronger variations in
effective refractive index if the holes are filled with a fluid than the other polarization,

resulting in a measurable interference pattern change.

Modal interferometry is the general case of the above mentioned configurations, where
the relative phase difference between two or more modes inside a fiber is exploited [26].
Modal interferometers have become commonly implemented in MOF-based sensing con-
figurations due to their simplicity. In many cases, MOFs support more than a single
propagation mode. When excited by an SMF, several modes will propagate through the

MOF. These can be recombined and interefometric measurements can be performed [27].

Fig. 2.5 (b) has an example of a modal interferometer where light from an SMF is
broadened by the collapsed structure of a PCF and excites two core modes |26]. Since the

PCF modes have different hole power fractions, their effective refractive indexes differ.
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2. Chemical Optical Fiber Sensing

Input Output

SMF z=0: iz=2 PCF

Figure 2.5: @ General scheme of a Fiber Loop Mirror interferometer. Figure repro-

duced from [13]. [(b)] Example of a Michelson modal interferometer where light from

an SMF is broadened by the collapsed structure of a PCF subsequently exciting two
core modes Figure reproduced from [26].

Light is reflected at the cleaved end of the MOF and interference is analysed in a reflection
setup. The open holes of the PCF can be exploited for fluid sensing since the RI of each
mode depend differently on the RI inside the fiber’s holes.

It should be noticed that due to the existence of several cladding propagation modes,
Mach-Zehnder and Michelson interferometers may usually include additional modal inter-
ference effects since when coupling light with the cladding one does not necessarily excite

a single cladding mode.

2.5 Conclusion

Since the development of optical fiber fabrication techniques, sensing applications have
been continuously researched. These efforts have become more intense with the growth of
optical telecommunications which lowered the costs of standard optical fiber equipment.
MOF-based sensors usually rely on this generally available equipment in order to try to
keep fabrication costs as low as possible, reducing the effort of bringing proof-of-concepts
to the actual market.

That being said, the pursuit for new fiber sensors is usually performed by devel-
oping new MOF designs and studying their application in the configurations described
in this chapter. This is a very promising field taking into consideration the versatility
of microstructured fiber designs for particular applications. Several techniques such as

spectroscopy or non-linear effects can be used either for specific or non-specific sensing.
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2.5. Conclusion

Specificity can be increased by surface functionalization, although this step increases the
cost and complexity of sensing schemes. Much work has been done on non-specific refrac-
tive index sensing by harnessing the potential of interferometric setups. In these, small
refractive index changes translate into phase differences between propagation modes which
can result in very high sensitivities and resolutions.

Nowadays, MOF sensors have been created for a large variety of chemical and bio-
chemical analytes. Note should be given to the regular reviews of Wolfbeis on chemical
and biological fiber sensing which have been covering the field in depth since 1997 [10].
Although these reviews do not focus on MOFs, they are organized by analyte and allow
the reader to quickly check the state-of-the-art for the specific fluid that he/she intends
to study.

Based on this overview, chapter [3] will present the fabrication procedure of a 5-hole
caterpillar-inspired MOF which could in the future be used for fluid sensing applications,
and chapter [4] will report a novel approach to the study of volatile organic compounds

using the holes of an MOF to track the evaporation dynamics of these types of fluids.
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Chapter 3

Fabrication and Post-Processing of a

Caterpillar-Like Fiber

3.1 Introduction

The present chapter contains a detailed contextualization of Microstructured Optical
Fibers (MOFs) through an overview of their origin and also through the presentation
of their splicing and fabrication techniques. The fabrication of an MOF whose cross-
section contains five holes placed in the same axis, apparently resembling a caterpillar, is
described. After fabrication, the caterpillar MOF was put through a post-processing step
in order to create microfluidic channels for future applications in fluid sensing. For this, a
Focused Ion Beam, whose main working principles are overviewed here, was used to alter

the structure of the MOF at a localized micrometric scale.

3.2 Overview of Microstructured Optical Fibers

The earliest account of an MOF was documented in 1974 [28]. In this work, a single-
mode fiber composed only of a pure fused silica core surrounded by large air holes was
reported (fig. , eliminating the need for doping either the core or cladding.

Afterwards, it was thought that one could design fibers with new guiding properties by
tailoring the cross-section at a subwavelength level, extending the ideas of 2-dimensional
photonic crystals to full 3D structures [29]. In 1996 the concept of a Photonic Crystal

Fiber (PCF) was realized by building a hexagonal structure composed of air-holes with
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3. Fabrication and Post-Processing of a Caterpillar-Like Fiber

a silica core in its center (Fig. [30]. By adjusting the ratio between the core’s
diameter and the distance between air holes (pitch), this type of fiber could operate in
single-mode for any desired wavelength within the inherent limits of silica [31]. This fiber
is classified as an index-guiding Total Internal Reflection (TIR) PCF since light is guided
through total internal reflection, similarly to conventional step-index fibers.

Soon afterwards, in 1999, the same group of researchers presented the first hollow-core
Photonic Bandgap Fiber |32|. In these fibers the cladding is designed in a way that blocks
the propagation of certain wavelength intervals. Thus, one can have light propagating
within a hollow core unable to escape to the cladding due to these photonic bandgaps
(Fig. B.1 (c)).

The area of MOFs has since grown to form an important research community. Figure
contains several examples of the wide variety of geometries that can be fabricated for
different applications. Although most MOFs discussed in this document are composed
only of fused silica and air holes, it is possible to create fibers with a variety of materials,
for example rare earth doped silica or calcogenide glass. Several review papers have been
published on the topic of MOFs [14}29}36-38|, detailing the prolific advancement of its e-
xisting and potential applications. Some interesting examples include supercontinuum and
laser light generation, high resolution spectroscopy, broadband zero chromatic dispersion
propagation, high power transmission, particle trapping and guiding (optical tweezing),

enhanced nonlinear interaction with fluids, and gas and liquid sensing.

3.3 Splicing and Fabrication Techniques

Although promising, the complex structure of microstructured fibers can hinder their
integration in conventional optical fiber systems, namely in terms of the fabrication pro-
cedure, MOF-SMF splicing and propagation losses.

Whilst the fabrication of MOFs can seem intricate due to their elaborate cross-section
designs, the process is in fact similar to that of SMF production [12}36,39|. Despite
being able to produce MOFs by extrusion of molten glass through a die with the desired
cross-section (fig. [3.3 (a))), this technique applies mainly to soft glasses [29]. As such,
MOFs are in general fabricated by building a preform, either through capillary stacking

or glass drilling, and by drawing the preform just like in conventional SMF fabrication.
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3.8. Splicing and Fabrication Techniques

50 um

Figure 3.1: @ Image of the earliest report of a single-mode, single-material MOF
with detailed view of the core region. The core is supported by a silica slab surrounded
by two large air holes. Figure reproduced from . @ A SEM image of the first
index-guiding PCF where the small silica core is observable at the center of a periodic
hexagonal air-hole structure. Figure reproduced from . A SEM image of the first
hollow-core PCF with a zoomed view of the core region. Figure reproduced from .

(f) (&) (h) (1) ()

Figure 3.2: Examples of the wide variety of existing MOFs. Figures reproduced from:

[(2)] [15]; [(b)] and [(c)] [14]; [(d)] [16]; [(e)] and [(E)] [29); [(&)] [33];: [(R)] [34]: [()] and [F)] [35]-
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3. Fabrication and Post-Processing of a Caterpillar-Like Fiber

In stack-and-draw procedures, the preform is built by stacking several glass capillaries
in order to obtain the desired fiber design in a relatively large diameter of ~ 20 mm. This
allows an almost arbitrary definition of fiber properties such as pitch (distance between
neighbouring holes), core diameter and hole spatial distribution that will affect the final
refractive index profile. The preform is brought to a fiber drawing tower and it is ei-
ther drawn directly to the desired fiber diameter, or an intermediate preform is created
by drawing the original one down to millimeter scale. This intermediate preform may
once again be drawn in order to achieve MOFs with smaller features, down to pum scale
— multiple thinning. During the whole process, environmental parameters like pressure
or temperature are controlled in order to further modify the fiber’s final structure. For
example, the capillaries can be dilated by increasing their inner pressure during the draw-
ing process and in this way obtain a fiber with larger holes. Fig. [3.3 (b)| represents a

simplified stack-and-draw fiber fabrication process.

After fabrication, the practical use of MOFs is limited by the ability to merge them with

stacked
glass discs extrusion die
~ with circular exit

i

extruded preform
with multilayer-
structure

o

applied
high pressure

high-index
core

heating

element

(a)

Figure 3.3: @ Extrusion of a Bragg fiber from a multilayer of stacked glass discs.

Figure reproduced from . @ In the stack-and-draw technique, glass capilaries are

a) stacked together, b) fused in a furnace at ~ 2000 °C and c) drawn into fibers. Figure
reproduced from .
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3.8. Splicing and Fabrication Techniques

conventional optical fiber technology. Ideally this should be achieved by the ubiquitous
electric-arc fusion splicing technique.

Although better control of the splicing process can be achieved with resistive heating
elements [38], several authors have reported results and optimization procedures on fusion
splicing MOFs with an SMF using electric-arc discharge [14,41]. The main idea is that
since MOFs have a smaller volume of silica, the amount of energy that needs to be delivered
so that glass is fused is smaller than in the case of an SMF. As such, authors start with
the standard fusion parameters of SMFs and optimize them in order to lower splicing
losses or reduce the effect of the electric-arc on the MOF structure. Usually the affected
parameters are discharge current, discharge duration and offset between the center of the
electric-arc and the interface between both fibers (fig. [3.4 (a))).

Often, mode field mismatch between both fibers can be one of the main loss mech-
anisms in splices [14,[38]. Mode field compatibility can be attained by creating slowly
varying core taper regions that match MOF and SMF mode profiles (fig. . Op-
positely, hole collapse can affect applications where the structural integrity of the MOF
is critical. This can be minimized by calibrating the fusion parameters so that the MOF
is far from the center of the discharge area and the current is as small as possible while
guaranteeing good adhesion between both fibers [41].

Notwithstanding, there is no definite procedure on how to correctly splice a MOF and
ultimately this process has to be optimized for the specific MOF in use and the application
which one envisages.

The ability to produce and connect highly versatile microstructured fibers with con-

ventional ones does not however solve all the drawbacks of MOFs. Despite having the
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Figure 3.4: @ Electric-arc offset for splice loss reduction. Figure reproduced from
[14]. @ A slowly varying taper for mode field matching. Figure reproduced from [38].
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3. Fabrication and Post-Processing of a Caterpillar-Like Fiber

possibility of specifically designing a MOF to obtain low propagation loss, in general these
have values 2 — 3 orders of magnitude higher than that of SMFs (~ 1 —10dBkm™") [14].
This is mainly due to the difficulty in maintaining homogenous conditions during the fiber
drawing process, which leads to loss-inducing structural defects. Intrinsic loss remains the
main limitation of MOFs in conventional SMF telecommunication circuits and restricts
the maximum fiber length that one can use. Even so, in applications where loss is not
such a critical aspect or where shorter lengths of fiber are needed, microstructured fibers

have created new lines of innovative engineering approaches.

3.4 Fabrication of a caterpillar-like MOF

In this dissertation, a new MOF design is presented, motivated by the need for novel
fiber optic devices to perform studies on the interaction of light with fluids. The proposed
fiber (fig. consists on a five-hole MOF, with a structure resembling that of a
caterpillar (fig. 3.5 (¢)). In order for this MOF to be spliced with SMFs, the diameter
should be around 125 um to guarantee optimum splice integrity and resistance. Since the
holes will be filled with fluids, previous experiences have shown that these should have
a minimum diameter of 10 um to allow fluid flow across the holes. Finally, in order to
build fiber interferometers, the cavities should be close enough to allow evanescent field
coupling of neighbouring holes. The hole spacing should thus be as short as possible, with
a maximum value of ~ 1 ym.

Taking into consideration the desired parameters, a glass preform structure that could
be drawn into the proposed 5-hole MOF was designed. The preform is shown in fig.
. It has 91 glass elements stacked in a hexagonal structure. First, 91 pure fused
silica glass rods were manually cleaned and stacked. Afterwards, five rods in the center
were substituted by hollow capillaries with a wall thickness of 100 um. Each element has
a diameter of 1mm and a length of 50 cm, which makes the preform 11 mm wide and
50cm long. Finally, the stacked preform was inserted in a glass jacket for additional
structural integrity, increasing the final width to ~ 13mm. A glassblower then fixed all
these elements by fusing the end tips.

In order to manufacture the desired MOF, the intersticial air in the hexagonal struc-

ture and between this one and the circular glass jacket must be removed during the
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3.4. Fabrication of a caterpillar-like MOF

Fiber Diameter
125 pm

Figure 3.5: @ Cross-section parameters and @ preform of the fabricated mi-
crostructured fiber inspired on a caterpillar. Picture reproduced from .

drawing process, whereas the capillaries’ structure should be maintained. To accomplish
this, pressure outside the capillaries needs to be reduced to very low values to obtain a
homogenous glass cladding and a positive pressure difference between the capillaries and
the intersticial volume should be created to guarantee that the former do not collapse.
For this purpose, intersticial pressure was actively reduced with a rotary mechanical vac-
uum pump, whereas the capillaries were closed by fusing both ends. Consequently, in
order to control the fiber structure during drawing, pressure inside the capillaries must
be controlled passively, eg. by changing the drawing tower’s oven temperature, or the

intersticial vacuum pressure.

Following the stacking process, the preform was brought to the drawing tower. Three
different fiber structures were drawn, each with a length of 100 m, the difference among
them being the drawing temperature which alters the pressure diference and, consequently;,

the fiber’s cross-section. The fiber turned out to be very fragile and the drawing conditions
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3. Fabrication and Post-Processing of a Caterpillar-Like Fiber

were changed whenever the fiber broke during the drawing process. Optical microscopy
pictures of the three samples is shown in fig. [3.60l Each sample is associated with a
codename, which is indicated under the corresponding picture. The effects of varying
pressure can be seen on the structure of the five central hollow-cores. While the holes
of the first sample @ seem to be the ones which most resemble the circular holes that
we designed, sample 661b3 seems to have the most homogeneous structure of the
three. Rough measurements indicated that sample 3 has a hole width of ~ 10 um and
height ~ 20 pym, with submicrometric inner wall thickness. Since these values are in
agreement with the initial design, the drawing process was stopped and the remaining
preform was kept for future experiments. Only approximately 10 cm of preform was used
in this process. Also, afterwards no efforts towards precise structure optical measurements
were made, since it was already planed that we would be using a Scanning Electron
Microscope, integrated in a Focused Ion Beam for fiber post-processing, which allows for

greater resolution microscopy.

All samples proved difficult to handle, with very fragile structures. Even so, it was
possible to find near-optimal parameters for fusion-splicing the fiber to an SMF without
structural collapse near the electric-arc discharge region. Splicing was performed using
a Sumitomo Electric T-36. An offset of approximately one quarter of the machine’s
horizontal screen range was manually applied, away from the arc discharge center, in the

direction of the MOF. The splicing parameters are indicated in table

Preliminary tests were performed on filling the holes with fluids. A few-milimeter MOF

(a) 661b1 (b) 661b2 (c) 661b3

Figure 3.6: Cross section of the end tip of the three fiber samples that were drawn.
Images obtained by optical microscopy.
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Table 3.1: Near-optimal parameters for splicing the caterpillar MOF using a Sumit-
omo Electric T-36 with an offset away from the arc discharge.

Parameter | Value
Arc Duration | 0.55
Arc Gap 10.00
Arc Power 10
Prefusion 0.10
Overlap 15.00

segment was fusion spliced to a SMF. The open end of the MOF was dipped in several
fluids and the filling process was analysed with an optical microscope. Volatile organic
compounds such as acetone or isopropanol fill the holes and evaporate easily, although
with frequent formation of air bubbles. When the fiber was immersed in a Refractive
Index Fluid with n% "¢ = 1.46, the formation of air bubbles proved to be a critical factor
that hindered the homogenous filling of the MOF'.

Additionally, to build an in-line sensing setup, the manufactured MOF has to be fusion
spliced to SMFs on both ends as in fig. This makes it impossible to modify the
contents of the fiber’s interior after the fabrication of the device.

Both problems should in principle be solved by creating microfluidic channels close
to the spliced region that allow bubbles to escape and liquids to be inserted. Several
possibilities for this arise. The simplest approach would be to create channels near one
of the splices (fig. [3.7 (D)), although, as mentioned previously, the formation of air
bubbles impedes the complete filling of the MOF. As such, microfluidic channels must be
drilled in a way that enables flow on both ends of each hole such as in fig. . One
way to pursue this solution is to create the microchannels using a Focused Ion Beam.
The following section provides an introduction to Focused Ion Beam technology before

proceeding to the description of the caterpillar fiber post-processing.

3.5 Focused Ion Beam

Focused Ion Beam (FIB) is a technique used in nanotechnology for material micro
and nanomachining. Its importance grew due to its applications in the semiconductor

industry and TEM sample preparation since it is a very versatile technique that allows
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SMF MOF SMF

()

Figure 3.7: Possible longitudinal profiles of an in-line MOF sensing element, fusion

spliced to SMFs: @ fluid flow inside the holes is not possible if both ends are sealed;

@ if microchannels are opened to the outside only on one end, air bubbles will form

inside the holes; if microchannels are opened on both ends of the MOF, homogenous
hole filling becomes possible.

substrate sputtering, imaging and implantation down to nanometric resolution [43}44].

The principle of operation is to accelerate ions from a source (typically a Ga liquid-
metal ion source) and focus them on a sample. Ion acceleration and focusing is performed
in an fon column, whereas the sample is located in a separate high vacuum chamber.
Incident ions remove material from the sample, a process which releases neutral atoms,
ions and electrons. If the ion current is high enough, the FIB can effectively be used for
substrate milling. Milling is performed through sputtering, resulting from the collision of
ions with the sample when the incident energy is higher than the sample’s surface binding
energy. However, if energy is too high, ion implantation becomes a relevant effect, which
can either be a source of unwanted sample amorphization and doping, or a way to usefully

modify sample properties, for example to subsequently etch the implanted region.

Another relevant effect during milling is the redeposition of sputtered material. This
effect becomes increasingly important when the depth of the structure that is being cre-
ated increases since the solid angle through which sputtered matter can escape decreases
with increasing depth. Redeposition can be countered by sample post-processing, where
additional milling steps are taken to remove redeposited material, or by choosing a more

appropriate milling mode. Milling is performed by scanning the beam on the sample ac-
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3.5. Focused Ion Beam

cording to the wanted structure design. Two milling modes can be used: plane-by-plane
mode, in which the ion beam scans the sample several times, each time removing a plane
with a small depth until the final depth is obtained; and polishing mode, in which the
structure is created directly with the wanted depth on a single beam pass. While in gen-
eral plane-by-plane is preferred over polishing since redeposited material is consecutively
removed on each plane scan, in some situations polishing can achieve better results, as it

will be seen in the following section.

Ions and electrons removed from the sample can be used for ¢maging the substrate.
However, since FIB imaging is inherently destructive, often machines also include Scan-
ning Electron Microscopy (SEM) equipment that can be used to monitor the milling
process while avoiding the unnecessary removal of additional material from the sample.
Fig. [3.8/shows a side view of the geometry of a TESCAN LYRA FIB-FESEM Focused Ion
Beam, where separate FIB and SEM columns can be seen, with an angle of 55° between

them.

Recently there has been interest in bringing the flexible capabilities of the FIB to
optical fiber sensing. A FIB allows for high resolution tailoring of an optical fiber and a
variety of structures can be built, such as cantilevers for atomic force microscopy [46]| or

gratings for sensing [47].

By post-processing microstructured fibers with focused ion beam it is possible to create

endless device variations. As an interesting example, a sensing head composed of a MOF

FIB _
Column Y I SEM Column

Figure 3.8: Side view of a TESCAN LYRA FIB-FESEM Focused Ion Beam. Figure
reproduced from [45].
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with a PoOjs-doped cladding was etched with a HF solution, creating a 15 um nanowire.
The authors then used a FIB to create a thin gap in the nanowire, resulting in a cylindrical
cantilever structure that was able to measure vibration [48|.

Another group of researchers has reported the fabrication of side channels in mi-
crostructured fibers to allow fluid flow using a FIB instead of laser ablation or femtosec-
ond machining, while avoiding additional etching steps and maintaining high resolution
processing [49]. Thus, this technique has proved to be a successful way to create microflu-
idic channels in MOFs, such as required in the case of the fabricated 5-hole MOF'. In the

following section, the post-processing of this fiber is presented.

3.6 FIB Processing

In order to create microfluidic channels on the caterpillar MOF, a TESCAN LYRA
FIB-FESEM Focused Ion Beam was used. Fig. [3.9schematically represents the procedure:
the FIB is focused on the tip of a 5-hole MOF and it is configured to remove glass from
the regions marked by the red dashed lines. By milling these regions down to a certain
depth, the microchannels are created.

FIB samples have to be electrically conductive in order to be able to visualize them
with the integrated SEM. As such, a 50nm Ta layer was deposited by sputtering in
all fiber samples. Afterwards, short conductive MOF segments were fixed in a metallic
sample holder using either aluminum adhesive or silver spray. Each sample holder was
able to carry 4 different fibers. However, due to electric charging effects, not all samples
were usable at the FIB since these effects cause strong vibrations that obstruct any SEM
or FIB experiments. This problem may arise from non-homogeneous metal deposition
during the sputtering process or weak adhesion of the gluing elements. On this matter,
silver spray resulted in better results than aluminum adhesive.

Using the TESCAN machine, it was possible to obtain more precise measurements
of the MOF using the integrated SEM. Pictures of the three samples’ cross sections are
seen in fig. In particular, for sample 661b3 (fig. [3.10 (c))), the hexagonal profile has
an average diameter of 120 yum. The holes have an average width of 11 yum and height of
22 pm. Although not perfectly round as initially designed, the hole dimensions accomplish

our minimum requirement of 10 ym in both directions perpendicular to the fiber’s length
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Figure 3.9: Cross section of the three MOF samples and close up of 661b3’s holes.
Images obtained by Scanning Electron Microscopy.

(fig. 13.10 (d)). The most surprising feature of this fiber is the small 0.3 um wall thickness
which should guarantee a large coupling between all five holes, as requested.

Fiber 661b1 was not used since it proved to have the most fragile structure of the three
during simple fiber handling processes such as cleaving and splicing. Also, its structure
varies strongly along its length, probably since it was the first fiber to be drawn and in
the beginning of the drawing process some time is needed for the system to reach stable
drawing conditions. Similarly, fiber 661b2 was discarded since most of its samples had
their internal walls broken. This problem may have arisen during the drawing process.
When the fiber broke, the shock wave may have propagated through this sample and
destroyed the inner wall structure, a frequent problem in fibers with sub-um features. As
such, most work was performed on samples from fiber 661b3.

Initially, in order to test the FIB’s capabilities on this MOF and to gain technical
sensitivity on how to best handle the machine in this particular application, some fiber
samples were processed using a variety of approaches. In particular, trials were carried
to find out which settings worked best in terms of ion beam intensity, milling operation

mode (plane-by-plane or polishing) or angle between fiber and FIB. Fig. [3.11 (a)| shows
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(a) 661b1 (b) 661b2
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Figure 3.10: Cross section of the three MOF samples and close up of 661b3’s holes.
Images obtained by Scanning Electron Microscopy.

the first processed 5-hole MOF'. Detailed views of the microchannels can be found in
figs. and . Both channels were created using plane-by-plane milling, with a
ion beam current of 7.3nA and with parallel alignment between fiber and FIB, ie. with
the FIB column and the fiber’s axes aligned. The machine was programmed to create
a 10 pm-deep channel on the left side and 20 ym on the right, both 10 ym-wide. Each
milling process took 15 min and 30 min respectively, even though the current was close
to its maximum. It was observed that this milling mode results in a final depth which is
less than half of the programmed one, and creates much deeper channels on both ends,
as visible in figs. and which may be due to the higher solid angle through

which the extracted matter can escape the fiber, avoiding redeposition effects.
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Ricardo Andre WD: 12.31 mm LYRA\ TESCAN
SEM MAG: 1.45 kx Det: SE Detector 50 pm 7
View field: 189.7 um  Date(m/d/y): 03/14/14 IPHT Jena n

Ricardo Andre WD: 8.799 mm LYRA\TESCAN Ricardo Andre WD: 12.13 mm LYRA\ TESCAN

SEM MAG: 3.66 kx Det: SE Detector 20 pm 7 SEM MAG: 4.26 kx Det: SE Detector 20 pm h

View field: 75.30 um  Date(m/d/y): 03/14/14 IPHT Jena n View field: 64.80 um  Date(m/d/y): 03/14/14 IPHT Jena n
(b) ()

Figure 3.11: SEM images of the first processed 5-hole MOF: @ shows two large
microchannels to the external environment; is a detailed view of the microchannel
on the left side; and is a detailed view of the microchannel on the right side.

A second trial, now using polishing mode, can be observed in fig. . In this
fiber, the channel on the left was polished from inside out, while the channel on the right
was polished inversely, from outside in. It is possible to notice that the leftmost inner
wall is much thicker than the others due to redeposition of the polished silica. It can also
be noticed that polishing is quicker than plane-by-plane milling: while for the previous
sample it took half an hour to drill a channel approximately 8 ym-deep, on the second
sample it took 45 min for a ~ 15 ym-deep channel. As such, for microchannel milling with

parallel fiber-FIB alignment, the best approach would be to polish from outside in. Fig.
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Ricardo Andre WD: 9.015mm ] LYRA\TESCAN Ricardo Andre ) WD: 11.70 mm LYRA\ TESCAN
SEM MAG: 1.62 kx Det: SE Detector 50 pm 7 SEM MAG: 2.23 kx Det: SE Detector 20 pm 7
View field: 170.4 uym  Date(m/d/y): 03/14/14 IPHT Jena n View field: 123.5 ym  Date(m/dfy): 03/14/14 IPHT Jena n

(a) (b)
Figure 3.12: SEM images of the second processed MOF before @ and after @

removing the inner walls.

3.12 (b)| shows the result of a preliminary plane-by-plane milling trial of the inner walls.
By carefully analysing the final result, one can observe that this procedure leads to further
inner wall thinning, which may be a source of increased sensor frailty and eventually result

in wall collapse, as in sample 661b2.

An alternative to colinear fiber-FIB alignment would be to position the fiber axis
perpendicular to the ion beam. Fig. [3.13shows two examples of fibers that were processed
in this way. Although this is a more straightforward approach than parallel alignment,
since it only requires one milling step with a depth which is the difference between the
fiber diameter and the width of the five holes, due to restrictions on the positioning system
it is not always possible to align the beam with all holes. For example, while holes in
fiber were already aligned with the beam, the same was not true in fiber and
the positioning system did not have enough amplitude on its degrees of freedom to allow
correct alignment. Therefore, this procedure was not further explored since it relied in the
uncertain chance that the initial manual fixing of the fiber on the sample holder positioned
it in such a way that alignment with the ion beam was possible. Also noteworthy are the
broken walls observable in This sample originated from fiber 661b2 and it was
this observation that ultimately lead to putting this fiber aside.

Finally, an intermediate approach was pursued for inner wall milling. After building

the outer channels through polishing with parallel alignment, the fiber was positioned
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Ricardo Andre WD: 9.487 mm LYRA\TESCAN Ricardo Andre WD: 9.235 mm LYRA\ TESCAN
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(a) (b)

Figure 3.13: SEM images of MOFs processed with perpendicular fiber-FIB alignment.

at a small angle in relation to the ion beam. This way it is possible to mill the inner
walls without weakening the remaining wall structure, as in fig. The results of
this procedure are displayed in fig. [3.14) and are in general satisfactory. Since it was not
possible to precisely control the milling depth so that only one wall is removed with each
step, a shadow effect appears in subsequent walls, as seen in fig. i.e., after milling
a particular wall, if the ion beam is not immediately stopped it will start removing silica

from the next one. Nevertheless this can be easily and quickly corrected with additional

Ricardo Andre WD: 8.563 mm LYRA\TESCAN Ricardo Andre WD: 9.120 mm LYRA\ TESCAN
SEM MAG: 3.16 kx Det: SE Detector 20 pm ¥ SEM MAG: 1.44 kx Det: SE Detector 50 pm h
View field: 87.27 um  Date(m/d/y): 03/26/14 IPHT Jena n View field: 192.0 um  Date(m/d/y): 03/27/14 IPHT Jena n

(a) (b)

Figure 3.14: SEM images of MOFs processed with a small fiber-FIB angle for inner
wall milling.
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3. Fabrication and Post-Processing of a Caterpillar-Like Fiber

milling steps as in fig. |3.14 (b)|

To conclude, from these tests it was observed that the best approach for efficient fiber
processing would be to polish the outer channels from outside in with parallel alignment,
and to mill the inner walls with a small fiber-FIB angle. Milling a whole MOF tip
takes between 90 min to 120 min, depending on the level of additional steps to correct
redeposition effects and imperfections. However, manufacturing a complete sensing head
takes much more time since this needs FIB processing on both ends, which implies at
least two sputtering phases and splicing to SMFs that brings added risks to the entire

process, as described in the following section.

3.7 Sensor splicing

As mentioned previously, the 5-hole MOF proved to be particularly difficult to handle
due to its frailty. Indeed, all sensor manufacturing steps required special care: uncoating,
gluing and ungluing fibers to and from FIB holders, placing holders on the sputtering
chamber, cleaving and splicing. A large fraction of processed fibers eventually broke in
one of these steps. Consequently, only a very small number of sensing heads survived:
one was successfully processed and spliced on both ends, as in fig. , and two were
processed and spliced only on one end.

Fig. [3.15] shows two different examples of SMF-MOF splices in which the MOF tips

Ricardo Andre WD: 9.313 mm WD: 13.58 mm LYRA\TESCAN

SEM MAG: 1.72 kx Det: SE Detector 50 pm 7 SEM MAG: 1.38 kx Det: SE Detector 50 pm 7

View field: 160.3 um  Date(m/d/y): 03/18/14 IPHT Jena n View field: 199.4 ym  Date(m/dfy): 03/26/14 IPHT Jena n
(a) (b)

Figure 3.15: SEM images of spliced MOFs previously processed with microchannels.
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were previously processed with the FIB. Although it was not possible to observe the
structure internally, the outer channels seem to be intact from the splicing process, which
may lead to the conclusion that there is no total collapse of the microfluidic channels. By
submerging the sensing heads in acetone it was possible to fill the inner holes completely
without the formation of air bubbles. The same was true when submerging in RI oil,
although approximately 1h was necessary for the air bubbles to leave the holes. These
small experiments constitute further evidence of post-splicing microchannel structural

integrity.

3.8 Conclusion

In summary, a five-hole caterpillar-like microstructured optical fiber was fabricated
using a stack-and-draw procedure. Starting with a ~ 13mm glass preform, the drawn
fiber had an average diameter of 120 ym. Its inner holes were approximately rectangular,
11 pm-wide and 22 pm-high, and they were separated by thin 0.3 pm-thick walls.

Several fiber samples were placed on a focused ion beam in order to create microfluidic
channels on both cleaved ends to allow fluid inflow after the fiber is spliced to standard
single-mode fibers. After several tests it was observed that the best approach for efficient
fiber processing appears to be the polishing of the outer channels from outside in with
parallel alignment, and the milling of the inner walls with a small fiber-FIB alignment
angle. A high FIB current was used since the post-processing steps do not require high-
resolution milling, which can be advantageous for quick industrial fabrication of sensing
heads using the present methodology.

Although this caterpillar MOF was difficult to handle and most sensor samples broke
during the manufacturing process, three sensing heads were successfully produced: one
was processed and spliced on both ends, and two were processed and spliced only on one
end.

Future work should include the sensor’s characterization in terms of propagation prop-
erties, a study of the ability to fill and empty the sensor at will, and research on the sensing
head’s capabilities for fluid sensing. As an example, preliminary simulations predict that
when the holes are filled with a fluid with an RI higher than that of SiO,, light inside

each hole is coupled by the thin fiber walls and interference effects occur as a function of
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fiber length and the fluid’s RI. This behaviour could be studied with the manufactured
sensing heads by analysing the fiber’s output field when filled with different RI fluids,
potentially leading to an RI interferometric sensor based on advanced techniques which
enable easier fluid filling. This prospective line of research could thus be interesting both

from a fundamental and practical approach.
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Chapter 4

Evaporation of Volatile Compounds in

Suspended-Core Fibers

4.1 Introduction

Volatile Organic Compounds (VOCs) are substances which are commonly found in
many chemical processes, from food and household products to fossil fuels and the chem-
ical industry in general [50]. Some examples are methane, ethanol, acetone and iso-
propanol. Due to their ubiquitousness, VOC sensors are highly sought devices, although
the interest on detecting these substances is motivated mainly due to them constituting
serious fire and health hazards. VOCs are highly flammable and can be the source of
serious health issues such as cancer. Thus, the need for detecting these compounds either
for safety issues or industrial process control is very high.

Since they are flammable, care must be taken when using electronic sensors which
may ignite fires or explosions in high concentration environments. In this matter, optical
fibers have the obvious advantage of being light-based, eliminating the risk of combustion
ignition. Also, since optical fiber sensing setups are usually simpler than electronic ones,
they are easier to integrate in critical applications where VOC sensing is needed. The
use of optical fiber sensors for VOCs has been reviewed in [50]. These follow the gen-
eral principles already presented in section 2.1} extrinsic sensors based on spectroscopic
measurements of the gaseous environment, evanescent field enhanced interactions (using
tapers, bending or Long Period Gratings), fluorescence detection or optrode-like coated

fiber tips. Most of these configurations use Single Mode Fibers (SMFs), mainly since this
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4. Evaporation of Volatile Compounds in Suspended-Core Fibers

is a mature technology and the potential that Microstructured Optical Fibers (MOFS)

can have in this area has only recently started to be explored.

4.2 Volatile Compound Microstructured Fiber Sensors

One of the possible approaches to VOC sensing using MOFs is to allow the flow of
gases inside the fiber holes and measure absorption properties of the environment [11].
In this regard hollow-core fibers are the object of much attention due to their large hole
power fractions, although, as mentioned previously, they have much more complicated
fabrication procedures than total internal reflection MOFs.

MOF interferometers for refractive index (RI) measurements have also been employed
in VOC sensing, such as a Mach-Zehnder in which cladding modes sense changes in the
functionalized outer surface of the fiber, or modal interferometers in which the interference
between two core modes gives readings of the RI inside the holes of a Photonic Crystal
Fiber [51].

Research efforts have been put in VOC gas sensors, specially since there is a big market
for tracking the concentration of these gases in several human environments. Notwith-
standing, these sensors rely on the diffusion of gases inside fiber holes which is a time-
consuming process and in some applications, faster response times are needed. Although
in this case RI liquid sensors may be employed, a different approach can be taken by ac-
knowledging that VOCs have high vapour pressures and, consequently, evaporate quickly
in ambient temperature and pressure conditions. This fact, in combination with other
fluid mechanical characteristics, can be harnessed to build VOC sensors based on the
evaporation dynamics of VOC liquids.

Optical fibers have been used for evaporation monitoring either as simple cantilevers
[52] or drop holders in spectrometry configurations [53]. The evaporation of droplets has
also been analysed using the Fabry-Perot cavity that is formed when a fluid droplet is
placed on an SMF tip, between the fiber—-droplet and droplet-air interfaces [54]. Laser
light reflected on the fiber tip shows intensity oscillations with time due to variations
of the Fabry-Perot cavity length caused by the evaporation of the droplet. By tracking
the duration of the evaporation process and the number of fringes and through advanced

signal processing it was possible to build a sensor capable of distinguishing several VOCs,
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4.2. Volatile Compound Microstructured Fiber Sensors

after coating the fiber tip with a hidrophobic monolayer.

Recently, a new technique in microstructured fibers for liquid VOC sensing was in-
troduced . Using in-line 100 gm-long microcavities etched in single-mode fibers (Fig.
, the monitoring of the evaporation dynamics of volatile organic compounds was
proposed as a means to identify them. The evaporation of ethanol, hexane, acetone, and
a mixture of ethanol and hexane was tracked by measuring light transmitted through
the microcavity (Fig. [4.1 (b)), showing clear distinctions in light loss dynamics which
effectively results in a volatile compound sensor. With a few assumptions, it was possible
to simulate the sensor’s behaviour using ray-tracing and wave-propagation analysis. Both
resulted in very good agreement with experimental results. Also, the behaviour of a mix-
ture of volatile organic compounds was distinguishable from its individual constituents.
This could be used in a laboratory to quickly identify mixtures of substances requiring

only small sample volumes.

The previous experiment could in principle be extended to the holes in MOFs with
changes in the physical analysis. While in the case of microcavities light crosses the
liquid droplet and signal changes are caused by refraction of the guided mode, in MOFs
light would interact mainly through the evanescent field, causing much smaller signal
variations. This would imply a different interpretation of the phenomenon. However, this
work is yet to be discussed in the literature and no references of evaporation monitoring
using MOFs was found. MOFs have relevant practical advantages in comparison with
microcavities, namely, they are easier and cheaper to fabricate and they are much more

robust (microcavities are particularly fragile).
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Figure 4.1: @ A microcavity etched in a single mode fiber was used to measure the

evaporation dynamics of several volatile organic compounds. @ Plot of the trans-

mitted signal loss vs. time with which it was possible to distinguish between ethanol,
hexane and acetone. Figures reproduced from .
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4. Evaporation of Volatile Compounds in Suspended-Core Fibers

4.3 Suspended-Core Fibers

For the purpose of fluid evaporation monitoring, MOFs with higher hole power frac-
tions would be preferable since they enable higher interaction with liquids in holes without
requiring long fiber lengths, maintaining the advantage of small sample volumes of micro-
cavities. In particular, a special class of TIR MOFs called Suspended-Core Fibers (SCFs)
are characterized by their nanowire-like small diameter cores held by thin struts in the
middle of large air holes [56]. By reducing the core size and the supporting struts’ thick-
ness, an increasing fraction of the core guided mode protrudes into the air holes. Light
can then strongly interact with fluids that are inserted into these holes and sensing can be
performed without the characteristic frailty of thin nanowires and with large hole power

fractions [57].

Fig. 4.2 (a)| shows the first SCF, proposed and realized respectively in 1999 [58]
and 2001 [16], based on the idea of reducing the strut thickness of the first MOF (Fig.
3.1 (a)). For thicknesses lower than the operating wavelength, an increase of the hole

power fraction is observed. The first suspended-core fiber had a hole power fraction of

17% at 1550 nm [16].

Since then, suspended-core fibers developed into a prolific research area. This was
partially due to their ease of fabrication which gives them a competitive advantage when
planning for industrial applications [15]. In fact, it was shown that one can fabricate

a suspended-core fiber simply by mechanical drilling of a preform, removing the added
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Figure 4.2: @ The first report of a suspended-core fiber. Figure reproduced from

[16]. @ Three-hole suspended-core fiber fabricated through mechanical drilling of a

preform, with detailed picture of the core (inset) and simulation results of the hole
power fraction as a function of core diameter. Figures reproduced from [57].
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complexity of capillary stacking [57]. Figure shows an optical microscope picture
of the first three-hole SCF fabricated by drawing of a mechanically drilled preform as
well as a detailed scanning-electron microscope of the core region. SCFs with core diam-
eters ranging from 0.8 to 1.8 um where fabricated from this preform and finite element
simulations where performed to determine the hole power fraction as a function of core
diameter (Fig. [£.2 (c)). As mentioned previously, protrusion of the guided mode into the
fiber holes increases for smaller core diameters. This subject is detailed in [56]. Thus,
for smaller core diameters, suspended-core fibers become increasingly competitive with
hollow-core fibers in terms of hole power fraction and, consequently, equivalent free-space
propagation length.

Suspended-core fibers have been used to measure physical parameters 33|, for Raman
and fluorescence spectroscopy [33,56], and in biological and chemical sensing. In par-
ticular, measurements of liquids have been performed either by effective RI changes in
interferometric setups or by absorption spectrum analysis [59]. The large air-holes that
characterize suspended-core fibers are advantageous in comparison with conventional TIR
PCFs since they allow for much lower fluid filling times due to weaker interaction with

hole surfaces [16].

4.4 Evaporation Monitoring using SCFs

With the advantages of SCFs in mind, during this dissertation a new approach to
VOC fluid evaporation monitoring was proposed based on a suspended-core fiber tip. The
basic concept behind this work was to use the holes of an SCF for a similar purpose as
microcavities in ref. [55], filling them with VOCs and tracking the evaporation dynamics.
The SCF is illuminated by splicing it to an SMF. The other end of the fiber has to remain
open to the external environment to allow filling the holes with liquids. As such, the
sensing head is interrogated in a reflection geometry.

Fig. represents schematically the experimental setup. The sensor was dipped in a
VOC reservoir at room temperature and its time-dependent evaporation dynamics were
studied. To perform the interrogation, the SMF was connected to an optical circulator.
Light was introduced from a 100 nm-wide optical source centered at 1550 nm and the

reflected signal was interrogated using an Optical Spectrum Analyser (OSA) with a max-
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Figure 4.3: Diagram of the experimental configuration used for VOC sensing.
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imum resolution of 0.01 nm. An optical microscope was used to observe the phenomenon
simultaneously.

Two sensing heads were studied, with differing lengths of the SCF sensing tip: one
with L; = (1.38 £ 0.02) mm and the other with Ly = (0.33 £ 0.02) mm. At rest, both
sensors form Fabry-Pérot cavities due to the reflections on both ends of the SCF: the
splice region, and the interface between the SCF and the external environment. Fig.
shows the spectra of each sensing head when at rest, i.e., when no liquids are present
inside the SCF holes. As indicated in the figure, sensor 1 has a FSR; = (0.61 £ 0.02) nm
and sensor 2 has FSRy = (2.59+0.02) nm. Note that, as expected from eq. [2.1] a smaller
cavity length leads to a larger FSR. Also, since FSR, A and L are measured quantities,
from eq. it is possible to derive an effective RI, n.g for each sensor, respectively
Ner1 = 1.43 £ 0.05 and neg o = 1.40 £ 0.09. Both values are close to that of fused silica

Spectra of Sensing Heads at Rest
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Figure 4.4: Spectra of both sensing heads when at rest. The increase of the free
spectral range for shorter sensing heads is visible: sensor 1 has a length of 1.38 mm and
sensor 2 is 0.33 mm long.
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Table 4.1: Summary of the length of both SCF sensing heads, as well as the free
spectral range and effective refractive index of the Fabry-Perot cavities.

Sensor | L (mm) FSR (nm) Neft
1 1.38+0.02 0.61+£0.02 1.43+£0.05
2 0.33£0.02 2.59£0.02 1.40=+0.09

ngio, = 1.444, the most common type of glass used in MOFs . The properties of both
sensors are summarized in table [l

Each sensing head was dipped in acetone and isopropyl alcohol but they were studied
differently. While in the case of sensor 1 the spectral evolution was analysed broadly, for
sensor 2 only a narrow region around A = 1.55 um was observed. Before describing the

results of both broad and narrowband studies, the SCF that was used will be presented.

4.5 Double-Y-shaped SCF

In these experiments, an asymmetric four-bridge silica fiber with a double-Y-shaped
suspended-core was used. Fig. shows an optical microscopy image of the fiber’s
cross-section, whereas fig. shows a magnified SEM image of the region around the
core. The fiber’s outer diameter is 130 um while the diameter of the air-hole cladding is
65 um. The supporting struts are 0.9 um-thick. The core is approximately rectangular
with a length of 10 yum and a varying width between 1 um at the waist and 3.2 ym near
the struts.

This fiber was chosen since an enhancement of the interaction of the evanescent field

(a) (b)
Figure 4.5: Suspended-core fiber cross-section and core region.
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with surface effects is expected, due to the fiber having a greater surface area near the
core. It should be noticed that due to their high RI contrast, the normalized frequency
V' of SCFs is usually high, implying multimode operation. For conventional fibers, the V/

parameter is defined as

2m
V= Ta\/ngore - ngladding (41)

where A is the light wavelength, a is the core radius and ncore and 7cladding are respectively
the RI of the core and cladding [1|. Considering the example of a fiber with a = 1 um,
Neore = Ngilica ~ 1.44 and Neladding = Mair = 1, light with A = 1.55 um propagates with
V = 4.2, a normalized frequency higher than the single-mode cutoff condition of V' < 2.4.
Thus, one sees that even with a small 1 um core, the high RI contrast of SCFs make them

multimode fibers.

Using COMSOL Multiphysics, a Finite Element Method simulation software, it was
possible to obtain the propagating modes of this fiber and their respective hole power frac-
tions. The fiber’s cross-section was drawn in AutoCAD, based on the SEM measurements
of fig. [4.5 (b)| and imported into COMSOL. Fig. shows the simulated region of
the SCF’s core. For the sake of scale comparison, fig. shows the cross section of
an SMF, which typically has a diameter of 8 um, over the SCF. From fig. it is
also possible to notice that only a small fraction of light from the SMF will couple with
the SCF modes due to the small overlap between both cores. In fact, as mentioned in
section [3.3] one of the biggest loss mechanisms in coupling light from an SMF to an MOF

is mode field mismatch, a problem that is clearly observable with SCFs.

Fig. shows the average power in the propagation direction of some modes, whereas

8 pm

(a) (b)

Figure 4.6: l@] Drawing of the SCF cross section region that was simulated. @
Cross section of an SMF’s core over the SCF for scale comparison.
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(a) # 1, PF =15% (b) # 5, PF = 3.6% (c) # 9, PF =5.3%

(d) # 10, PF = 4.27% (e) # 14, PF = 4.1% (f) # 16, PF = 6.9%

Figure 4.7: Simulation results of the average power in the propagation direction of a
selection of the first simulated modes. Figure captions indicate the mode order number
(#) and its hole power fraction (PF).

table indicates the hole power fraction for each mode and its corresponding effective
RI. It is possible to see that higher order modes have in general higher hole power fractions.
Intuitively this behaviour is interpreted in a simplified way by the broadening of modes
with increasing order and the consequent increase of energy that propagates evanescently
through the holes. Thus, if one thinks of the effective RI as a weighted average of the
indices through which light propagates, it is as if modes are increasingly affected by the

holes” RI when they are broadened, resulting in lower effective Rls.

In particular, from the simulation results one observes that modes 1 through 4 are
highly confined on both ends of the core’s concave structure, similar to a double core
fiber, showing smaller hole power fractions. Higher order modes become increasingly
protruded and from mode 16 onwards, a larger fraction of energy propagates through the
SCF struts. Since these have smaller dimensions than the core, modes are broader and

consequently have higher hole power fractions.

Notice that both sensing heads have effective Rls close to 1.4 (table , indicating
that most light propagates through the fused silica core and that the hole power fraction

may be similar to that of the lower propagating modes. Notice also that the hole power

fractions obtained through COMSOL are in agreement to that of the ones of fig.
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Table 4.2: Simulation results of the effective refractive index (neg) and hole power
fraction (PF) of the first propagation modes.

7| et PF (%) # | negr PF (%)
1 | 1.40562 1.5 11 | 1.35058 4.26
2 | 1.4056 1.49 12 | 1.349 4.5
3 | 1.403411 1.339 13 | 1.346 4.4
4 | 1.4034108 1.338 14 | 1.335 4.1
5 | 1.374 3.6 15 | 1.332 2.5
6 | 1.372 3.2 16 | 1.328 6.9
7 1 1.3654 2.8 17 ] 1.326 10.3
8 | 1.3651 2.77 18 | 1.3253 10.7
9 | 1.352 5.3 19 | 1.3252 10.3
10 | 1.3506 4.27 20 | 1.324 8.7

in terms of orders of magnitude, even though the cross-section of both fibers is different.
For example, the first modes, highly confined in regions with an average width of 2 ym,
have very low hole power fractions, whereas higher modes that propagate largely through

the thin 0.9 ym struts show power fractions an order of magnitude higher.

4.6 Spectral Analysis

The time-dependent spectral response of sensing head 1 was coarsely monitored when
its cavities were filled with acetone. A broadband spectral analysis should allow the
observation of changes in the Fabry-Perot cavity and of spectral phase shifts that may
occur during the evaporation process. The sensor was studied when a droplet with a
few tens of microliters of acetone was dispensed with a syringe on the open end of the
suspended-core fiber.

Figure contains a series of microscope pictures that show the evolution of acetone
evaporation from sensing head 1. When acetone is dispensed on a clean (fig.
sensing head the air-holes are filled by capillarity forces and excess liquid that surrounds
the fiber tip (ﬁg rapidly evaporates. As soon as the acetone that covers the tip
evaporates, four menisci form (fig. inside each individual cavity. For clarity, arrows
indicate the position of each meniscus. Each hole appears to have different evaporation
rates and some seconds after the formation of all menisci, the differences in position

among them become clearer, as seen in fig. l@], 12 s after the beginning of this process.
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Figure 4.8: Evolution of acetone evaporation from sensing head 1 since before dis-
pensing acetone until the evaporation process is over [(h)l Arrows indicate the
positions of menisci.

When the acetone in an individual cavity evaporates completely, its meniscus collapses.
Due to the different evaporation rates, this happens sequentially. Each meniscus is shown
immediately before collapse: in fig. the first two collapse almost at the same time,
31s and 35s after evaporation starts; in fig. the third, after 46s; and in fig. 4.8 (g)|
the fourth, after 61s. The whole process takes about 1 min since evaporation of acetone

inside the SCF cavities starts and in the end (fig. 4.8 (h)) one observes that the fiber

restores its rest condition.

After repeating the experiment one notices that the evaporation dynamics depend on
the way acetone fills the cavities. Air bubbles often form inside the holes which cause
differences in evaporation rates and total duration. Also, the fiber was filled with acetone
while in contact with a microscope slide, which may be the source of additional degrees

of freedom that alter the way fluids start evaporating on the SCF holes.

The sensing head that was used shows an average evaporation time of ~ 45s, a value
that certainly depends on fiber length. Although with different geometries, one can verify
the time dependency on length by comparing our ~ 1.4 mm length fiber with the microcell

from ref. , which had a cavity length of 100 um and a total evaporation time of ~ 0.5s

49



4. Evaporation of Volatile Compounds in Suspended-Core Fibers

for acetone.

During the study of evaporation dynamics, the sensing head was continuously inter-
rogated using an OSA. The OSA’s slow sampling time resulted in a small time resolution
of +4+s. Still, as mentioned in the previous paragraph, the total evaporation time was an
order of magnitude higher than this, which allowed for a coarse spectral analysis of the

phenomenon.

The data acquired is plotted in Fig. [£.9 As already mentioned, at rest a Fabry-
Perot interferometer spectrum can be seen, with a Visibilityﬂ of 0.6dB and a period
of (0.61 + 0.02) nm, constant throughout the whole process. Figure (a) shows the
spectrum at rest, before acetone is dispensed. When the sensor is immersed in acetone
(fig. (b)) intensity drops 14 dB and the cavity disappears almost completely due to
the higher refractive index of acetone (~ 1.36) in comparison with air and the consequent
reflectivity decrease on the fiber tip. When acetone surrounding the sensor evaporates
and menisci start to form, visibility grows to 6.3 dB as observed in fig. (c¢) since initial
reflectivity values at the tip are restored, although the average intensity is still lower than
at rest. As acetone inside the cavities evaporates, visibility decreases. Figure (d) has
an amplitude of 4.5dB. The spectrum returns to its initial average intensity after the
first meniscus collapse. From then until the end of evaporation, the spectrum retains the
same average intensity, suffering only a spectral phase shift (fig. (f)) which may arise
from dust flowing inside the SCF during acetone dispensing due to it being in contact

with the microscope slide.

Due to the large scanning time of the OSA, using this methodology the evaporation
dynamics are largely undersampled and it is not possible to observe all changes the spec-
trum suffers. Moreover, repeatability of the experimental results could not be achieved,
mainly due to the difficulty in synchronizing OSA sampling with the evaporation process
but also because it was not possible to fill the holes always in a homogenous manner. For
example, the formation of air bubbles inside the fiber holes imposes a strong limitation
on repeatability. Also, the fiber should avoid contact with the microscope slide in order

to reduce external influences.

Notwithstanding, with this experiment the general behaviour of this sensor was ob-

served. The sensing head forms a Fabry-Perot cavity that maintains its spectral shape

! Difference between maximum and minimum intensity.
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Figure 4.9: Spectral evolution measured with reference to the optical source since
before dispensing acetone (a) until the evaporation process is over (f). For ease of
comparison, data from (a) is repeatedly plotted as a dashed line.

throughout most of the process, with the exception of when the SCF is submerged in
acetone. Contrary to what would be expected, the spectrum returned to the initial state
after the collapse of the first meniscus (Fig. and (e)), suggesting that there
is a dominant cavity and that not all of them have a similar contribution to the overall
behaviour. However, this experimental procedure did not allow a more detailed analysis
of the phenomenon. The narrowband intensity analysis described on the following section

allowed for further investigations of this sensing configuration.

4.7 Intensity Analysis

In order to solve the repeatability problem of the broadband analysis, using a shorter
sensing head should lead to a more uniform filling of the cavities. For this, sensor 2 was

used, with length L, = (0.33 £ 0.02) mm. A shorter sensor also has faster dynamics
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4. Evaporation of Volatile Compounds in Suspended-Core Fibers

since the amount of liquids involved is smaller, thus requiring faster interrogation times.
The sampling problem can be overcome by measuring only the reflected signal of a single
wavelength, i.e., of a narrow band around a specific wavelength. For this, A = 1.55 ym was
chosen since it is a commonly used wavelength in telecommunications, consequently having
the cheapest available equipment, an important factor to consider for future potential
industrial applications. Also in an effort to improve repeatability, the sensor was slightly
elevated from the microscope slide to reduce its influence on the filling and evaporation

processes.

Figure[£.10]displays the evaporation process of acetone as observed through the optical
microscope. The most striking difference from sensor 1 is that apparently only one menis-
cus moves throughout most of the process. Figure shows measurements of the sensing
head’s reflected signal as a function of time after dipping in acetone and isopropyl alcohol
(IPA). Three different measurements are displayed for each substance, which shows the

reproducibility of results.

In order to synchronize all measurements, a possible approach would be to consider the
first signal drop as the beginning of the process, i.e., right when the sensing head is dipped
in the corresponding substance. However, two problems arise. First, the dipping process
was performed manually. Consequently, perfect reproducibility of the time during which
the sensing head is immersed in liquid could not be guaranteed, causing delay differences
until the beginning of the actual evaporation process. Secondly, after dipping, different
amounts of liquid surround the fiber tip through the formation of a droplet around the
sensing head. The evaporation of this droplet can be tracked with our sensor and it is also

associated with reduced reproducibility. As such, all measurements where synchronized

Figure 4.10: Evolution of menisci position inside the sensing head during the process
of acetone evaporation. The red arrow indicates the location of the structure’s collapse.
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Figure 4.11: Sensor time-response after dipping in acetone and IPA. Three differ-
ent measurements are shown for each substance. The letters in parenthesis indicate
different evaporation phases.

by setting the most abrupt signal increase as t = 0s, as seen in fig.

From fig. one can observe that although both substances show overall simi-
lar evaporation behaviour, there exist strong differences that allow their differentiation,
namely the signals’ duration and oscillations before and after t = 0s. The process dura-

tion is defined as the time it takes for the signal to restore its rest condition after being

Table 4.3: Estimated reflectivities for each evaporation phase. Correspondence of
each phase is made with other figures. Where two values appear, they correspond to
acetone and IPA, respectively.

Phase | Empty Submerged Bottom full Bottom empty
Ry (%) 3.4 0.1/0.06 0.1/0.06 3.4
Ry (%) 2.8 0.02/0.005  0.02/0.005 2.8
R3 (%) 2.8 0.02/0.005 2.8 2.8
Fig. 4.8 | (a,h) (b) (c,d) (e,f,g)
Fig. 19 | (2 (b) () (e.f)
Fig. |4.10 (i) (a) (b,c,d) (e,f,g,h)
Fig. 4.11 (a) (b) (c) (d)
Fig. 4.12 (a) (b) (c) (d)
Fig. 4.13/| (e) - (b) (c,d)
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4. Evaporation of Volatile Compounds in Suspended-Core Fibers

dipped in a volatile compound, i.e., until signal oscillations due to fluid evaporation are
not detected. With this definition, acetone evaporation takes an average of T,.t &~ 4.18
with only minor oscillations after t = 0s, while IPA takes an average of Tipa ~ 6.2s with

stronger oscillations after ¢ = 0s than acetone.

One common feature in the evaporation of both substances is the existence of high
and low signal states with strong intensity differences A between them. In particular,
Ageet & 14dB and Apa ~ 15dB. In comparison with the results of fig. from sensor
1, the high state corresponds to the situations in which the average intensity is higher,

and the low state to those in which the average intensity drops.

In order to interpret the origin of these values it is necessary to observe the structure of
the fabricated sensor in closer detail. The red arrow in fig. 4.10| (a) indicates the presence
of a defect in the SCF close to the spliced region. This corresponds to a collapse of the
SCF structure due to the splicing process that lead to the creation of connections between
the fiber holes. Further evidence of this comes from observation of the evaporation process
through fig. [4.10} It can be seen that in this experimental instance an air-acetone meniscus
forms in one of the holes (fig. (b)) and starts propagating from the outside in. As
it reaches the collapsed region (fig. [£.10] (e)), the first meniscus divides itself into three
others in the remaining holes holes, and propagation proceeds from inside out until all

acetone evaporates and the sensor returns to its initial state (fig. |4.10 (i)).

The sensor structure is schematically represented in fig. Close to the spliced
region, on the SCF’s bottom, the structure collapse is modelled through a gap in the SCF
core. The RlIs of the SMF propagating mode ngyr ~ 1.45 and of the fused silica SCF core
nscr ~ Nefr,2 = 1.40 +£0.09 can be considered constant throughout the sensing process, as
a first order approximation. However, both the Rls inside the SCF holes n;, and outside
the sensing head n., can take the values of n,;, =~ 1 when empty or n,.; ~ 1.36 or

nipa =~ 1.38 when filled with acetone or IPA respectively.

With these refractive indices, three main reflections R can be defined by Fresnel’s
equations: Ry = ((nsmr — nin)/(nsmr + nin))2 on the interface between the SMF and the
SCF collapsed region, Ry = ((nin — nscr)/(nin + nscr))” between the collapsed region
and the SCF core and R3; = ((nscr — Nout)/ (Nscr + nout))2 between the SCF core and
the external environment. An overall interpretation of the sensor’s time-response can be

obtained with an analysis of the evolution of these reflections. The evaporation process

o4
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can be divided into four different phases, represented by the four images in fig. [4.12]
The corresponding reflectivities are indicated in table [£.3] and were calculated without
considering the effective RI changes of the SCF when the holes are filled with acetone or
IPA.

Before dipping (phase Empty) all reflections have high values and light does not in-
teract with any fluid. This translates in a high stable value as seen in fig. [£.11} Tmme-
diately after dipping (phase Submerged), most light couples to the external environment
and a strong signal drop A is observed. Considering only the changes in R; between
phases Bottom full and Bottom empty, one would expect signal drops of the order of
10log; (%) ~ 15.3dB for acetone and 10log,, (%) ~ 17.5dB for IPA. These values
are similar to the measured A’s and the small differences between them may be due to our
simplistic calculation that just considers light reflected at the interface and ignores back
propagating light reflected at Ry and R3 as well as coupling losses between the SMF and
the SCF. When acetone from the collapsed region evaporates, between phases Bottom

full and Bottom empty, the signal returns to the high state, since reflection values also

return to the initial states.

Table also makes a correspondence between each evaporation phase and other
figures shown. In particular, comparing fig. [£.9 with the reflectivity values on the table,
one sees that while on the low state, the Fabry-Perot cavity spectrum returns when
the fluid that surrounds the sensing head evaporates and the reflectivity R3 of the SCF

tip recovers its original value. During the phases before and after fluid on the SCF’s

SMF SCF

(b) (c) (d)

Figure 4.12: Scheme of the sensor structure @ and of the main evaporation phases
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4. Evaporation of Volatile Compounds in Suspended-Core Fibers

bottom evaporates, fig.s and @, smaller signal oscillations are observed. These
may originate from spectral phase oscillations caused by the interaction between the
evanescent field and remaining acetone inside the SCF holes that change the effective RI
and, consequently, the phase of the Fabry-Perot cavity, or due to temperature variations
from the endothermal evaporation process, since the sensing head was found to have a
temperature sensitivity of (12.16 + 0.09) pm/°C (adjusted 7? = 0.998) in the range from
20°C to 100°C.

It should be noted that although in the case of acetone the sensor seems to quickly
recover to the initial state immediately after the evaporation of the collapsed region, the
same does not apply for IPA. In fact, several signal variations are observable for ¢ > 0,
most noticeably the strong dip at the end of evaporation (fig. |4.11] (¢)). These differences
can be attributed to other material properties, such as viscosity, which condition the way
menisci move inside the holes and, consequently, how the fluid is positioned throughout
evaporation, as seen in fig. [£.13] In the case of IPA it appears that when the first meniscus
reaches the collapsed region, the others start propagating from outside in, contrary to what
happens with acetone. As a result, some remaining IPA interferes with the collapsed region

before the end of evaporation, provoking the observed signal drop.

4.8 Conclusion

To conclude, two sensing heads comprised of a four-bridge Suspended-Core microstruc-
tured fibre tip, fusion-spliced to a standard single-mode fiber, were immersed in acetone

and isopropanol and the evaporation dynamics of each fluid were simultaneously analysed

Figure 4.13: Evolution of menisci position inside the sensing head during the process
of IPA evaporation.
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4.8. Conclusion

with an optical microscope and an Optical Spectrum Analyser. Near the splice, the mi-
crostructured fiber is collapsed due to the electric-arc fusion process, which deforms the
SCF structure, possibly damaging both core and struts, creating microfluidic channels
between the fiber holes.

The time-dependent behaviour of the sensing heads after being dipped in a volatile
compound was characterized using a broadband spectral analysis and an intensity (nar-
rowband) reading. Both approaches lead to different insights on the way this sensor works.
A Fabry-Perot cavity formed by the reflections on the splice and sensor tip was observed
during most of the process. The signal intensity dynamics and the total signal duration
differ between acetone and IPA. These can be considered signatures of each fluid’s evap-
oration properties, directly related to their chemical composition and interactions with
the environment. Strong signal variations seem to be related to reflectivity changes in
the collapsed region, whereas small signal oscillations are attributed to refractive index
changes in the evanescent field of the suspended-core fiber propagating modes.

This configuration could thus be used to detect and study the evaporation of different
volatile organic compounds. Contrary to spectroscopy applications where long sensing
heads are preferred to maximize fluid-light interaction [51], in the case of evaporation
monitoring a short sensor tip should be used to maximize experimental repeatability,
reducing the risk of air bubble formation and facilitating the filling process. Shorter
sensors also result in low-volume sensing solutions, which make the proposed configuration
useful for industrial or environmental process monitoring. Also, the use of suspended-core
fibers as opposed to direct fabrication of micro-cavities in standard single mode fibers
makes for sensors with lower cost and easier production and handling.

Finally, although the splicing process was thought to have been optimized to avoid
structural collapse, this effect occurred nevertheless. Even though the collapse is only
faintly noticeable through optical microscopy, the observation that fluids easily fill the
whole cavity is an indication of the existence of microfluidic channels, contrary to what
happens in MOFs which are homogeneously sealed on one end. This ultimately became

a serendipitous mechanism to fabricate a sensing head optimized for the study of fluids.
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Chapter 5

Concluding Remarks and Future

Prospects

Throughout this dissertation, a variety of fundamental resources required for perform-
ing research work in optical fiber devices was explored. With the constant aim of exploring
Microstructured Optical Fibers (MOFs) for fluid sensing applications, this dissertation
covered the fabrication of MOFs, the advanced manufacture of MOF-based sensing heads
and the study of a particular sensor for Volatile Organic Compounds (VOCs).

First, a 5-hole caterpillar-like MOF was fabricated using a stack-and-draw methodol-
ogy. This step comprised an understanding of MOF production techniques and also the
optimization of drawing parameters for this specific fiber design. The fiber’s inner walls
between holes have submicrometric thickness which may ease coupling of light between
holes through the evanescent field. Although fragile, it was possible to splice this MOF
to standard fibers envisaging the future manufacture of sensing heads.

Subsequently, the caterpillar MOF was post-processed using a Focused Ion Beam
(FIB). This technique allows for highly detailed tailoring of the fiber structure at a lo-
calized level and it was used to create microfluidic channels on the MOF that allow the
flow of fluids in and out of the MOF even if it is spliced on both ends to other standard
fibers. A methodology was presented to build these microchannels taking into account the
positioning limitations of the FIB that was used. Several sensing heads were successfully
produced, one of them having an in-line configuration with splices to Single-Mode Fibers
(SMFs) on both ends.

Additionally, a previously unexplored solution in VOC optical fiber sensing was pre-
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sented. Suspended-Core Fiber (SCF) tips were spliced to SMFs to create reflection-based
sensing heads. By allowing VOCs to flow inside the holes of this special kind of MOF, it
was possible to track their evaporation dynamics and distinguish the behaviour of acetone
and isopropyl alcohol. This solution, based on the structural collapse of the SCF structure
during the electric-arc fusion splicing step, avoids the need to fabricate lateral microcav-
ities, a previous solution proposed in the literature, simplifying the sensor fabrication
process.

As mentioned in the introduction, some results of this dissertation were disclosed to
the scientific community through the participation in three conferences and also through
the publication of an article in Optics Letters. Notwithstanding, further developments to

the work here presented can be proposed:

Caterpillar Microstructured Fiber

e In order to enable the use of this fiber in other applications, it should be charac-
terized in terms of its physical parameters, namely its response to temperature and
strain. This step is already underway and preliminary results point to low temper-
ature and strain sensitivities, ideal characteristics when low cross-sensitivity values

are desirable.

e Alternative post-processing solutions can be pursued to try to optimize either the
processing steps or the flow mechanics of the sensing head. As an example, a study
could be performed on processing the fiber far from its tip in order to avoid structural

collapse effects, enabling stronger splices to be performed.

e Taking into consideration the main purpose for its design and post-processing, tests
should be done on the fiber’s performance for fluid sensing. Initially, propagation
properties with calibrated refractive index fluids can be done to assess the expected
coupling between holes. Also, this fiber could be used in hot topics such as magnetic

field sensing using advanced materials such as nanometric ferrofluidic suspensions.
Evaporation Monitoring with Suspended-Core Fibers

e Efforts should be put in a better modelling of the intensity dynamics by analyzing
the influence of the other reflections identified. Since only the reflection at the splice

was considered, it is expected that by contemplating other effects such as additional
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reflections or splice losses, a better matching between model and experimental data

would be achieved.

e In order to further evaluate this configuration’s potential as a sensor, future work
should include the study of a wider array of volatile compounds. By identifying the
main signal components in the evaporation response, this simple sensing setup could
be used to distinguish between different fluids and potentially recognize mixtures of

volatile compounds.

The area of MOFs for fluid sensing is still in its early steps and much research is needed
to enable the industrialization of many of the applications presented. One of the remaining
difficulties is the high cost of fabricating specific MOF designs but even this is becoming
a less critical step and some companies already offer the possibility of producing MOFs
with particular details defined by the costumer. Another commonly discussed subject is
the necessity to create microfluidic channels to bring fluids from the external environment
close to a MOF’s core. Many solutions are currently being researched and, in this regard,
the present dissertation may have provided relevant contributions for the future, both
with the FIB post-processing and the SCF-based sensing head.

Fluid sensing may prove useful not only for biochemical applications but also for
physical measurements, such as magnetic field sensing using ferrofluids as the transduc-
tion medium, as previously mentioned. As such, the relevance of the present work is
shown by the multitude of applications that can be envisaged in the field of sensing and

measurement.
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