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Abstract

Focused ion beam milling of optical fiber sensors is a very recent field that first started
with the milling of apertures on fiber tips, but it is the assessment of the viability and
potential of applying this technology to the creation of optical fiber sensors that is the
main goal of this thesis. To achieve this, an initial round-up of instances where focused
ion beam was applied to optical fibers, whether as a mere investigative tool or as the
core technique of a fabrication procedure, was performed. This allowed a global view of
what had been done before and what could still be done and how. In the recent past,
focused ion beam has been successfully used to fabricate structures on optical fibers
but the question if the technology had further potential or was simply a publication
gimmick, remained. This work shows that focused ion beam has a promising future in
creating optical fiber structures with a quality and resolution that cannot be replicated
with other techniques.

Detailed procedures for preparing optical fibers for focused ion beam milling are
described throughout the thesis. Microwire fabrication and dynamic chemical etching
of tapered fiber tips are just two of the techniques used to prepare intermediate fiber
structures for efficient milling. Taking advantage of suspended microwires, focused ion
beam milling was used to cleave said microwires and create a suspended microwire
cantilever structure, on a fiber end, for vibration sensing. Such a cleave, due to the
abnormal configuration of the microwire structure, is easily achieved with focused ion
beam but would be a challenge using conventional techniques.

Further, the milling of Fabry-Perot microcavities on tapered fiber tips came as a need
from the field of optogenetics and neural signal recording. Microcavity probes capable of
sensing temperature and refractive index simultaneously were milled and characterized.
These probes are currently being tested for optical recording of neural activity in rat
brains.

Finally, a push towards even smaller details was achieved with the fabrication of fiber
Bragg gratings on tapered fiber tips. Such geometric, corrugation-based gratings allow
for high-temperature operation in extreme environments and their fabrication led to the
limit of the focused ion beam system available in our lab.



xii

The combination of all these results and fabricated structures leads to the conclusion
that focused ion beam milling of optical fiber structures can still evolve and expand.
They are still not commercially viable structures due to the long fabrication times and
large operating costs but they can lead to the creation of microstructures that can be
immensely helpful in other fields of scientific research. With the current state of the
technology, this combination must remain in the realm of science but it is also here that
its versatility has the greatest impact.



Resumo

A maquinação de fibras óticas por feixe de iões focado é um tópico muito recente que
começou há 20 anos com a criação de aberturas em pontas de fibra, mas é a determinação
da viabilidade e do potencial da aplicação desta tecnologia para a criação de sensores
em fibra ótica que é o objetivo principal desta tese. Para responder a esta questão, foi
feito um levantamento inicial das instâncias onde a tecnologia de feixe de iões focado
foi aplicada a fibras óticas, quer como mero instrumento de caracterização, quer como
técnica nuclear do processo de fabrico. Isto permitiu uma visão global do que já tinha
sido feito e do que ainda havia por fazer e como fazê-lo. No passado recente, a tecnologia
de feixe de iões focado foi utilizada com sucesso para fabricar estruturas em fibra ótica,
mas a questão se de facto a combinação tem potencial ou se é apenas um truque para
gerar publicações permanece. Este trabalho mostra que o feixe de iões focado tem um
futuro promissor no que toca à criação de estruturas em fibra ótica com uma qualidade
e resolução que não podem ser replicadas com outras técnicas.

Procedimentos detalhados da preparação de fibras óticas para a maquinação por feixe
de iões focado estão descritos por toda a tese. A fabricação de microfibras e a criação
de pontas de fibra por ataque químico dinâmico são apenas duas das técnicas usadas
para preparar estruturas em fibra intermédias que tornam a maquinação mais eficiente.
Aproveitando as microfibras suspensas, o feixe de iões foi utilizado para as clivar e assim
criar estruturas de microfibras suspensas apenas num extremo. Estas estruturas foram
então aplicadas como sensores de vibração. Tal clivagem, devido à configuração anormal
da microfibra, é fácil de realizar com o feixe de iões focado, mas um desafio com técnicas
convencionais.

A maquinação de microcavidades Fabry-Perot em pontas de fibra veio como uma
necessidade da área da optogenética e da monitorização de sinais neuronais. Microcavi-
dades em pontas de prova capazes de medir temperatura e índice de refração simultane-
amente foram criadas e caracterizadas. Estas pontas de prova estão atualmente a ser
testadas para a monitorização de atividade neuronal em cérebros de ratos.

Finalmente, na tentativa de criar detalhes ainda mais pequenos foram fabricadas
redes de Bragg em pontas de fibra. Estas redes geométricas baseadas em corrugações



superficiais permitem operação a altas temperaturas e em ambientes extremos e a sua
fabricação levou o sistema de feixe de iões focado, disponível no nosso laboratório, ao
limite da sua resolução.

A combinação de todos estes resultados e estruturas fabricadas leva à conclusão de
que a maquinação por feixe de iões focado, de estruturas em fibra ótica pode ainda
evoluir e expandir-se. Certamente não serão estruturas viáveis comercialmente devido
aos longos tempos de fabrico e elevados custos de operação, mas podem levar à criação
de microestruturas que podem ser extremamente úteis em outras áreas de investigação
científica. Com o estado atual da tecnologia, esta combinação terá de permanecer no
campo da ciência, mas é precisamente aí que a sua versatilidade tem mais impacto.
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rate than pure silica.





Chapter 1

Introduction and motivation

In the world we live today, optical fibers are the backbone of optical communication.
Data is transferred around the world at the speed of light using these thin strands of
glass. It is undeniable that optical fibers have become an essential tool in telecommu-
nications as they have brought a drastic increase in data capacity when compared to
any preexisting channel. They have however, also been applied successfully in other
fields besides communications such as power delivery, non-linear optics, laser surgery,
astronomical research, and sensing. In 1967, Menadier et al. developed the first optical
fiber sensor and since then, the potential that optical fiber sensors would bring to the
sensing field was immediately clear [1]. In these last 50 years, a wide range of optical
fiber sensors has come into existence. Optical fiber sensors (OFS) can be broadly classi-
fied as intrinsic, where the parameter to be sensed modulates the guiding properties of
the sensing fiber or extrinsic where modulation occurs outside the fiber [2]. The mea-
surands can modulate one or more properties of guided light such as intensity, phase,
polarization, and wavelength. Intensity-based sensors are the most widely studied and
simplest to build optical fiber sensors. Here, the measurand simply modulates the light
intensity propagating through the sensor region. Phase modulation relies on interfero-
metric measurement and because of this, it requires a more complex setup. They can
however, offer sensitivities several orders of magnitude higher than intensity-modulated
sensors. Phase-modulated sensors, also called interferometric sensors, can be based on
one of many types of interferometer such as Fabry-Perot, Michelson, Sagnac, Mach-
Zehnder, and others. One other commonly employed fiber sensing technique is spectral
modulation through the use of fiber gratings. One important advantage of these sensors
over more conventional intensity-modulated sensors is the encoding of the measurand
information in terms of wavelength. This makes phase-modulated sensors independent
of intensity fluctuations of the source during measurement. Fiber Bragg gratings and
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long period gratings are two examples of such sensors.

This large and diverse range of optical fiber sensors has led to applications in many
fields across science, medicine, industry, transports, energy, aerospace, etc. One example
is the growing interest in embedding optical fiber sensors in composite materials to mea-
sure temperature, strain, and vibrations for structural health monitoring of aircraft [3].
But, new fields, trends, and needs emerge every day. One such trend is miniaturization.
This might have originated from the push of nanotechnology but also the need to sense
in ever smaller volumes, ever shorter lengths with ever higher sensitivities, selectivities,
and resolutions. Whether considering biological and biomedical applications such as op-
togenetics and intra-organism/intracellular sensing or nanoscale surface mapping with
optical fibers, the need to go to dimensions below those of standard-diameter optical
fibers is evident.

The continued use of optical fibers and the push to create smaller sensors based on
them is simply an attempt to take advantage of all the properties that made traditional
optical fiber sensors so appealing to start with. Optical fiber sensors are ideal for remote
sensing, as the same fiber can be used not only for sensing but for the transmission
of sensing data from a remote location to the user or processing station. This way, a
network of sensors or sensor arrays can be put in place avoiding the need for optical-
electrical conversion at each sensing site, reducing costs and increasing flexibility. They
are inherently immune to interference caused by surrounding electric and magnetic fields
making them attractive for applications involving strong electromagnetic fields. One
such application is their use near magnetic resonance imaging (MRI) devices [4] or
electrosurgical equipment [5]. OFS are also electrically passive and can be used in
extreme environments where explosive gases are present. One example is the monitoring
of gas and oil pipelines where conventional electric sensors cannot be used as they could
easily ignite the atmosphere during normal operation. Optical fiber sensors are also
extremely versatile as they can be designed as point sensors or distributed sensors and
due to the multiplexing capabilities intrinsic to the optical fibers, they can be developed
to respond to different stimuli by using multiwavelength measurements.

In this quest for micro- and nano- sensors and devices based on optical fiber, many
techniques and technologies have been explored. Many had been already employed in
the fabrication of OFS for many years and others were adapted and adopted from other
fields of science and material processing. The two main paradigms of developing smaller
fiber sensors and devices are preprocessing and postprocessing. Preprocessing involves
the design of new fibers with specific purposes and applications in mind. These would
include all manners of microstructured optical fibers, photonic crystal fibers, application
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specific doping, etc. Postprocessing involves altering the fibers after they are fabricated.
This includes more traditional techniques such as splicing, cleaving, polishing, tapering,
etching and more advanced techniques as femtosecond laser ablation and focused ion
beam milling. In the most successful cases, more than one of these techniques is used.
Sometimes, both preprocessing and postprocessing are employed to produce micro- and
nano- sensors and devices.

Within this context, this general trend towards smaller optical fiber sensors and
devices, two motivations arose that guided the work developed and presented in this
dissertation. First and foremost, the desire to assess the applicability of focused ion
beam milling to the creation of optical fiber sensors and devices. This field, as will
be shown along this dissertation, had only taken its first steps and had revealed great
potential. Focused ion beam was not, until recently, a widely available technology, and it
was not applied to optical fibers, remaining for almost exclusive use of the semiconductor
industry and material science research. On top of this, a dual-beam FIB-SEM system
existed in our partner lab, the Leibniz Institute of Photonic Technology (IPHT) in Jena,
Germany, and they had the need and desire to test their system for fiber applications.
They wanted to assess if it could be a viable new direction of research.

The IPHT is a research institute on all areas of photonics. Its research focuses on the
scientific basics of photonic processes, the development of custom solutions to problems
in the fields of medicine and life and environmental sciences, and the design of processes,
instruments and products in or related to the field of photonics. For many years, it has
been one of the most recognized research centers in optical fiber development and design
of sensors and devices. One specific area they have dominated is fiber Bragg grating
fabrication. They produced in 2005 a very successful spin-off (FBGS1) that still operates
in its premises and develops and manufactures fiber Bragg gratings using draw tower
technology to write grating arrays during the drawing of the fiber. In the case of fiber
Bragg gratings, the IPHT has ongoing research into new grating configurations, new
applications, new fibers, etc. They also have ongoing research into high temperature
gratings and FIB-milled gratings seemed to be an avenue of research that had to be
explored. They have several methods for FBG production in various types of fiber but
had never attempted to use focused ion beam.

In this context, the need to explore FIB milling of optical fibers became apparent
even if it were merely to disregard it as an nonviable technology. Also important was
the need to test the specific FIB equipment available in the lab for the purpose of optical
fiber processing. Was the present system adequate for optical fiber postprocessing? If

1Website: http://www.fbgs.com/
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not, would it be worth investing in a new one? What were its limitations? What could be
achieved? All these were questions that needed an answer and in a way, this dissertation
attempts to provide those answers.

A second motivation came from a demand in optogenetics and life sciences of a probe-
like system that could be easily inserted in a rat brain, in a small organism, or even in
a single cell. This probe would be able to deliver light and also collect information by
having a sensing region. The possibility to perform all optical neural activity monitoring
is a very interesting prospect.

Optogenetics encompasses a group of techniques in which light is used to stimulate
genetically modified cells in order to influence their behavior [6–8]. For these cells to
respond to light stimulation, they must be engineered to express photosensitive proteins
that change membrane potential and/or other cellular properties. Effectively, light will
open or close certain ion channels of neurons. These effects can be monitored on in-
dividual cell, tissue, or organism levels. Optogenetics incorporates several techniques
from photosensitive proteins and gene targeting to targeted illumination of cells and
tissues in vivo [7]. It also includes methods for observing the behavioral, functional and
electrophysiological changes that result from photostimulation. Photosensitive proteins
have been known for decades, but it was in 2005 that they were first used to control
neuronal activity [9]. The first studies were performed in vitro, but since the advent of
fiber-optic neural interfaces in 2007, in vivo experiments started [10]. The applications
of optogenetics rapidly expanded to research on neural circuits, brain diseases, and even
non-neuronal systems such as stem cells and cardiac tissue [11, 12]. In 2010, optogenetics
was selected as Method of the Year by Nature Methods emphasizing the importance
of this research field [13].

The design of a probe for optogenetics research is based on two functional aspects.
The probe must illuminate the targeted cells/tissue and also record the cellular activity
(e.g. neuronal activity) resultant from the photostimulation. Shining visible light on
brain tissue in vivo is not an easy task. Visible light has very poor penetration due to
scattering and absorption and when small regions need to be targeted, it becomes even
more difficult. To achieve such dual functionality, dual optical and electrical probes,
denominated optrodes, were developed and are continually optimized [7]. Optrodes
allow light delivery through an optical medium and electrographic recording through an
electric medium. Early designs used standard optical fiber and a metal electrode for
single site illumination and reading [14]. Later designs include multiple light delivery
and electrical recording sites [15].

In most cases, for in vivo experiments, optical fibers are used as the light delivery
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system. Many different configurations have been researched and employed from a stan-
dard cleaved fiber [14], to angle cleaved tips [16], tapered fiber tips [17], multiple fiber
bundles [18], specialty fibers with dual [19, 20] or even multiple cores [21], etc. Polymer
fiber probes that combine optical stimulation and neural recording with drug delivery
microchannels have also been developed [15]. One interesting example relevant for this
dissertation is that of a tapered fiber tip that is covered with a thick metal film on which
several windows are milled with focused ion beam [22]. Only through these windows
can light escape enabling multiple site illumination with a single fiber tip. These tips
can also be used to control the illuminated window by controlling the input angle of
light or even illuminate different windows with different wavelengths due to different
propagating conditions inside the fiber tip.

In most optrodes, the optical fiber has the sole purpose of light delivery while all the
recording/sensing takes place at the electrode. Only more recently, have fiber probes not
only been designed to deliver light but also perform optical sensing, more specifically
fluorescence monitoring [16, 20, 23, 24]. The problem with fluorescence is that the
introduction of a dye is generally necessary. This means the method is susceptible to
fading with time and can be toxic which has led to a preference for electrophysiological
recordings instead of fluorescence measurements.

In this context, one possibility brought to our attention by colleagues working in
the field of optogenetics was the creation of a fiber-optic probe based on interferometric
principles instead of fluorescence. A probe that could measure refractive index could
later be functionalized to measure specific indicators necessary for optogenetics research
such as ionic potential. Such probe could also be used for light delivery if carefully
designed. Taking advantage of the multiplexing capabilities of optical fibers, sensing can
be executed in the infrared range while light delivery still occurs in the visible range.
Small, point-like probes based on interferometric measurements can be fabricated using
focused ion beam technology, in line with the previous motivation.

Focused ion beam is a very expensive technology compared to others well established
in optical fiber sensor fabrication. On the other hand, it brings capabilities that no
other technique can provide. FIB allows an exceptionally high resolution in the milling
of structures in optical fiber. This resolution can only be rivaled by femtosecond laser
ablation and even this technique cannot provide the surface quality and ease of use that
focused ion beam provides. FIB lends immense flexibility in the design and fabrication
of micro- and nano- structures in optical fiber that clearly offsets its cost in a scientific
setting. As for industrial or commercial viability, only time and research will tell. Even
if FIB is only viable as a prototyping technology that shows new possibilities it will still
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be an important factor in the push towards new, more cost-effective ways to fabricate
the same structures.

Focused ion beam is a very high resolution technique, but this high resolution comes
at a high cost: time. FIB milling is a very slow technique when considering the removal
of large volumes, the more so the higher the resolution. What this means with regards to
typical optical fiber dimensions (125µm) is that it is impractical, when not impossible, to
mill standard optical fibers through the cladding until reaching the core, where structures
can actually change light propagation conditions. The only case where FIB can be used
directly on a standard 125µm fiber, with any semblance of high resolution, is when
accessing the core from the fiber top. To have an idea, milling a very rough hole through
the whole cross-section of a 125µm-diameter fiber, at maximum current (lowest effective
resolution) can take hours.

From this limitation, arises one of the main ideas behind the procedures in this
dissertation and that is to combine the high-resolution FIB milling technology with other
lower resolution postprocessing and preprocessing techniques. The general operating
procedure for any of the structures developed and fabricated during this work relies on
the use of pre- and/or postprocessing techniques to reduce the size of the optical fiber and
create intermediate structures with sizes ranging from a few micrometers to a few tens
of micrometers in a fast and timely manner. Low-resolution postprocessing techniques
allow the rapid decrease in volume of the optical fiber and/or quick access to the light
guiding region. These are fast techniques, but generally provide a low resolution in the
sense that structures with details only down to a few tens of micrometers can be created.
The low-resolution techniques used in this work include chemical etching, tapering, and
polishing. It is then, on these intermediate structures that focused ion beam milling is
used to truly create micro- and nano-structures on the optical fiber.

Dissertation overview

This dissertation is organized into 6 chapters and 4 appendices. The first and second
chapters lay out the current state of FIB milling of optical fiber sensors and devices and
explain the main techniques used throughout this work. Then follow three chapters of
results showing structure fabrication and analysis, and one final chapter of discussion
and conclusions. The appendices show additional work using FIB that was performed
either as a collaboration or a side-project that did not integrate well with the overall arc
of this dissertation.

Chapter 1 provides an introduction to the current state of research and explains the
foundation that this dissertation is built on. The motivation and the goals of this work
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are clarified as well as the structure of this document. The main contributions and
publications that resulted from it are also presented.

Chapter 2 focuses on the main technique used in this work – focused ion beam, and
the sample preparation necessary to use said technique. A review of the publications
where focused ion beam is applied to the fabrication of optical fiber sensors and devices
is also presented.

Chapter 3 introduces structure forming fibers and the microwires that result from
the chemical etching of these same fibers. Focused ion beam is then used to create
Fabry-Perot cavities on these microwires as well as fabricate cantilevers. A temperature
characterization ensues and the application of the cantilevers as vibration sensors is
shown.

Chapter 4 focuses on tapered fiber tip probes based on Fabry-Perot microcavities.
Focused ion beam is used to mill, polish, and sharpen the tapered fiber tips to create
several, diverse types of Fabry-Perot cavities. These probes are characterized in temper-
ature and refractive index and, due to their multi-cavity nature, may be used to measure
both independently. A fast Fourier transform method of cavity separation and analysis
is also detailed here.

Chapter 5 is dedicated to fiber Bragg microgratings. The fabrication of microgratings
using focused ion beam is the main focus and several aspects and challenges associated
with the FIB milling of FBGs are explored. Several methods for micrograting fabrication
are proposed and tried. Finally, some microgratings are shown and characterized for high
temperature sensing.

In Chapter 6, besides a brief summary of the thesis work, the objectives and goals
initially stated are reanalyzed. What the next step would be and the work still to be
done is evaluated.

Main contributions

From the work presented in this thesis and work that directly resulted afterwards, a few
contributions stand out. The fabrication of a suspended microwire vibration sensor by
combining the chemical etching of structure forming fibers with focused ion beam milling
led to a unique sensor unlike any seen before. Creating microcavities in tapered fiber tips
using focused ion beam is not new and analyzing them as Fabry-Perot interferometers is
not novel but making such structures for further application to neural activity monitoring
is. The possibility of measuring both temperature and refractive index, combined with
their size and pointy shape makes these structures extremely attractive as neural probes.
This was the start of a new research field that is currently at an embryonic stage where
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the first tests are being conducted in rat brains. Having your research be applied to other
fields of science might not seem like a big deal but having your work be at the center
of a major new line of research is a big contribution. As a continuation of the work on
tapered fiber tip microcavities, the smallest optical fiber Fabry-Perot microcavity ever
fabricated with focused ion beam was achieved. This microcavity has a length of just
2.8µm.

A final contribution to the lab was the determination of the limits of the focused ion
beam system available. The numerous structures fabricated allowed the assessment of
the optical fiber micromachining potential of the focused ion beam system (TESCAN
LYRA FIB-SEM) present at the institute. This in turn contributed to the list of growing
applications and needs for a new focused ion beam system which was subsequently
bought and is currently being installed.

Main publications

From this PhD and published as first author resulted a total of 2 journal papers, 5
communications in international conferences, and 1 book chapter. Besides these, as a
direct result of collaborations tied to the work here presented, 3 more journal papers and
6 additional proceedings in international conferences were published during the PhD. An
article in a magazine for public awareness of science was published as well.

Journal articles
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14053, Jun. 2016. [25]
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Donlagic, H. Bartelt, and O. Frazão, “Focused ion beam post-processing of optical
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Chapter 2

Focused ion beam

Today’s cutting edge research in science and engineering is without a doubt intimately
tied to the world of nanotechnology. Nanotechnology entails imaging, manipulation,
fabrication, and application of systems at the nanometer scale. The development of new
tools for nanotechnology is necessary to keep scientific research and industrial progress
going. As more and more of these tools are developed and used, more research must be
poured into them to take full advantage of their capabilities. The ability to image and
analyze at an ever smaller scale is essential to comprehend the world, whether that be
in material science, by understanding the materials’ composition and properties, or in
biology, by studying the intricate systems that make up a living organism. Furthermore,
the ability to fabricate structures with a much higher resolution at a micro- and nano-
scale through the use of micro-/nano-machining techniques has become essential for the
progress of any field that depends on nanotechnology.

One important tool that meets the demands of nanotechnology is Focused Ion Beam
technology (FIB). FIB offers unrivaled capabilities of directly removing or depositing
material at micro- and nano-scales. This has led to many applications that rely on,
or relate to, micro- and nano-technology. The enormous interest in exploring these
applications has led to the further development of the technology, and more recently, of
dual-beam systems1. Dual-beam systems are a much more powerful technology based
on the integration of focused ion beam and scanning electron microscopy technologies
in a single system.

The electrons that are used in scanning electron microscopes and transmission elec-
tron microscopes are not the only charged particles that can be accelerated and focused
using electromagnetic fields. An ion is an atom or molecule whose total number of
electrons is different from its total number of protons, which leads to a net positive or

1also called cross-beam systems
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negative charge. The lightest ion is almost 2000 times heavier than an electron, and
heavier ions can be 250 times heavier than that. In a scanning electron microscope, the
relatively low-mass electrons will interact with the sample non-destructively to generate
secondary electrons that, once collected, provide a high-resolution image. A focused ion
beam system is very similar to an SEM but it uses an ion beam instead of electrons.

2.1 History

FIB technology ultimately resulted from the demand for a lithographic method with high
resolution. It resulted from research on liquid metal ion sources (LMIS) and initially
found applications in the semiconductor industry and in material science. As such,
in the 1980s, FIB started to be commercialized for the semiconductor industry. At the
time, the semiconductor industry aimed for a technique with better resolution and speed
than photolithography. The use of photoresists improved the speed and reproducibility
of the technique but the diffraction limit imposed constraints that were insurmountable
using light. This all improved with electron beam lithography that provided high energy
electrons with a smaller wavelength. One drawback of this technique was its very low
speed and the high distortion and low penetration when considering harder materials.
Electrons then stayed more in the realm of imaging and in very specific applications.
It was this continued demand for a higher resolution technique with short wavelengths
and none of the drawbacks of using low mass electrons that led to the development of
FIB even further.

2.2 Fundamentals

Fundamentally, a FIB system produces high energy ionized atoms of a relatively massive
element, which are then focused onto a sample with the purpose of etching/milling or
imaging said surface. The ions’ large mass allows them to remove surface atoms (milling)
and produce secondary electrons which allow the imaging of the sample before, during,
and after processing. The FIB can also be used for deposition. In this case, a gaseous
layer above the surface of the sample is struck by the ions which decompose the gas and
send the atoms/molecules down to the surface, where they get fixed by intermolecular
attractions.

Current focused ion beam systems use a liquid metal ion source to produce ions,
generally Ga+. Electric fields pull the ions out and focus them into a beam. After passing
through a series of apertures and electromagnetic lenses, the focused beam of ions is
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scanned over the surface. On the surface, elastic and inelastic ion-atom collisions occur.
Elastic collisions result in the removal of atoms from the surface - sputtering/milling.
Inelastic collisions transfer energy to the atoms and electrons on the surface and result
in the emission of secondary electrons and secondary ions.

Focused ion beam systems have four basic operating modes: milling, deposition,
implantation, and imaging. Milling involves the removal of material from the surface on
which the ion beam is focused. Deposition relies on the insertion of a gas carrying the
desired material to be deposited and the breakdown of this gas by the FIB. Implantation
is the embedding of the ions from the FIB into the surface of the structure, this always
occurs and will greatly depend on FIB properties such as accelerating voltage and current
and sample composition and structure. Imaging works similar to SEM but provides
advantages due to the large size and mass of the ions.

Focused ion beam can be used in a wide variety of applications. It can be used
to create structures from simple holes in flat metallic samples to 3D cross-sections of
complex biological samples. One of its main advantages is the specificity when it comes
to milling a region of the sample, that can be as small as the spot size of the focused
beam of ions itself. This allows for the creation of structures anywhere on the sample
without affecting the integrity of the whole sample. It certainly has its disadvantages as
well. The fact that the ions have such a large size and mass inevitably causes undesired
damage to the sample when imaging or even when focusing the ion beam. FIB by itself
is an extremely versatile technique but it truly shines when combined with scanning
electron microscopy. This has led to the development of dual-beam FIB-SEM systems
that combine the precise milling and imaging capabilities of the FIB with the high
resolution non-destructive imaging of the SEM. This combination of FIB and SEM (ions
and electrons) leads to new applications that go beyond the limitations of each system.

2.3 FIB system

Focused ion beam, as the name implies, requires a highly-focused beam of ions. To
achieve this, an ion source is necessary to produce the ions and a column to accelerate
and focus them. Most focused ion beam equipment makes use of a liquid metal ion
source (LMIS), typically gallium-ion sources. LMIS provide the most ions and the best
focused ion beams, when associated with the appropriate optics, of all the existing ion
sources. Gallium is chosen over LMIS metals such as In, Bi, Sn, and Au because besides
having a low melting point (30◦C), a low vapor pressure and being largely nonreactive,
it has high enough mass and size for ion milling. Gallium is easy to work with and leads
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Figure 2.1: This schematic of a focused ion beam column shows the several electrostatic
lenses and apertures the ion beam must go through until it is appropriately focused on
the sample.

to sources that are more stable than with other ions. During operation, the ions are
generated from the LMIS through a very high electric field. A tungsten needle is used
to heat-up the gallium and take it to its liquid state. The superficial tension and the
electric field forces lead to the formation of a gallium cone on the needle tip. This cone
has a tip with a very small radius of curvature (ca. 5nm) [43]. As the tip gets sharper,
the electric field gets stronger until ions are ejected by evaporation. Gallium ion

(
Ga+

)
emission occurs at a typical voltage of 7000V [44].

The generated ions go through a series of lenses to focus the beam, apertures to select
the beam diameter and current, electrostatic deflection plates to scan the beam over the
sample surface, and a high-speed beam blanker to rapidly stop the beam from hitting the
surface (figure 2.1). As opposed to scanning electron microscopy where electromagnetic
lenses are used, with ions, electrostatic components are used to focus and steer the
beam because the size and weight of the electromagnetic components needed would be
too large to be practical.

What defines the imaging and micromachining precision is the beam intensity profile.
Typically, the smaller the beam diameter is, the better the resolution of the system.
Many factors contribute to the beam intensity profile and beam diameter but ultimately,
the imaging and milling resolution is limited by the sputtering of the sample and thus
is highly sample dependent.
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The samples are mounted on a grounded stage with full three-axis translation, rota-
tion, and tilt. The stage has an eucentric height, at which the sample image does not
move when the stage is tilted. This point is where the ion beam and electron beam will
be focused. This means that the section of sample that it to be imaged or milled can
be centered through translation and rotation of the stage and then tilted to the desired
angle. Tilt is essential to switch from sample/electron beam to sample/ion beam perpen-
dicularity or simply to mill and image at a different angle. The ion beam and electron
beam form an angle between them that may differ between different manufacturers. In
the case of the Tescan Lyra FIB-SEM dual-beam system that angle is 55◦ (figure 2.2).

As most FIB systems are now dual-beam, most detectors present in an SEM are
also found in a dual-beam system. Secondary electron and ion detectors, back-scattered
electron detectors, x-ray detectors, secondary ion mass spectrometers, among others.
Gas injection systems (GIS) are generally present for the deposition of conducting ma-
terials (Pt, W, and C) or insulating materials like SiO2. Micromanipulators are also
essential for transmission electron microscope (TEM) sample preparation. A supporting
system of vacuum pumps is necessary to maintain vacuum inside the ion column and the
working chamber. A typical vacuum of 1×10−7 mbar is maintained inside the chamber.

2.4 Ion-substrate interaction
When an ion from the beam hits the substrate surface, it loses kinetic energy and
transfers it to the substrate’s electrons and atoms. Depending on the ion energy, it can
interact with the surface and transfer energy to it in several ways:

• ion reflection and backscattering;

• sputtering of the substrate material with atom and ion emission (enables milling);

• electron emission (enables imaging; may cause charging);

• atom dislocation in the substrate (sample damage);

• phonon emission (sample heating);

• photon emission; and

• ion implantation.

Sputtering is the essential effect in FIB milling of a surface but the processes cannot
be equated to one another. Milling must take into account redeposition processes that
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Figure 2.2: A photograph of the TESCAN-Lyra FIB-SEM system shows both the elec-
tron and ion beam columns and the 55◦ angle between them. Also visible is the moving
stage inside the chamber.
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counter the effect of sputtering leading to a milling yield that is always lower than the
sputtering yield. For sputtering, ions will ideally interact with the surface or near-surface
atoms of the sample. The ion energy should be adequate to the surface atoms so that
the collision can transfer enough energy to overcome the surface binding energy of the
atoms. On the other hand, if the ions are too energetic, they will penetrate deep into
the substrate and the sputtering yield will decrease (and the implantation/doping will
increase).

2.5 Operating modes

Focused ion beam is a very versatile technique. Its versatility is reflected in the three
most powerful modes of operation: imaging, milling, and deposition. This section will
explain in more detail each of these modes.

Imaging

When the ion beam is scanned across the surface of a sample, just like in SEM, secondary
particles will be generated in the substrate and ejected from it (figure 2.3). Conventional
SEM is based on the detection of secondary electrons but with FIB, the secondary
particles can not only be electrons but also atoms and ions. By using low ion currents,
very little material is sputtered and a secondary electron image of the substrate surface
can be obtained without inducing much damage. Secondary electrons are the most used
imaging method in FIB systems today. The secondary sputtered ions that leave the
substrate can also be collected in a Secondary Ion Mass Spectrometer (SIMS) to obtain
the atomic composition of the substrate or even a composition map of the surface of the
substrate.

Ion beams generally provide a lower imaging resolution when compared to electron
beams as they cannot be as finely focused. They can however provide complimentary
information that SEM does not offer. Secondary electrons resulting from FIB have
different contrast mechanisms than secondary electrons resulting from SEM. This can
lead to different contrasts when using FIB or SEM and this can be exploited for surface
and composition analysis of substrates.

It should be noted that an image with FIB always leads to surface damage however
minimal it might be. During the process, gallium ion implantation and sputtering is
inevitable but they can be reduced by reducing beam diameter and current.
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Figure 2.3: In imaging mode, a low current beam is scanned over the surface and the
secondary ions and electrons ejected from it are collected to form an image.

Milling

Milling designates the process of removing material from the surface of the substrate
with the aid of the focused ion beam (figure 2.4). Physically, it is the combination of
two processes: physical sputtering and material redeposition. Using a high current ion
beam and scanning it over the substrate, it is possible to create shapes and structures on
the surface. The high energy density of the ion beam combined with its small diameter
allows the creation of submicrometer structures. Physical sputtering is the main process
involved in milling. The sputtering yield depends not only on the substrate material
but also on the ion energy, incidence angle, and machining conditions. Nonetheless,
this yield cannot be considered the etching yield2 because material redeposition always
occurs reducing the effective etching rate. The effective yield is reduced because the
redeposited material lands on the area that is being sputtered and needs to be sputtered
for a second time (or even more). This is one of the reasons why vertical sidewalls
are extremely difficult to achieve with FIB. The sputtered material redeposits on the
sidewalls on the way out of the structure and the deeper the structure, the larger the
effect of redeposition on effective sputtering yield is. Redeposition is also the aspect of
the milling process over which one has the least control.

2also called, effective sputtering yield or milling yield
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Figure 2.4: In milling mode, the focused ion beam is scanned on the surface where the
sputtering of the surface layer occurs and material is removed.

In some cases, a gas may be introduced inside the chamber to increase the etching
rate. This process is called gas assisted etching (GAE). The gas will increase the etching
selectivity and chemically facilitate the removal of reaction products.

Deposition

Focused ion beam can be used to deposit several types of materials, from metals to
insulators. The principle behind FIB deposition is Chemical Vapor Deposition (CVD)
and the main different between FIB-assisted CVD and more conventional CVD is the
higher resolution obtainable with FIB. However, this higher resolution comes at the cost
of a lower deposition rate.

The process starts with the spraying of precursor gases onto the surface where the gas
molecules get adsorbed (figure 2.5). The precursor gases simply transport the elements
or molecules to be deposited. The ion beam will then decompose the precursor gases and
the vacuum system will remove the volatile products that are desorbed from the surface
while the desired products of the decomposition remain deposited on the substrate. The
most commonly deposited materials using FIB are tungsten, silver, and silicon dioxide.
Structures with lateral dimensions as small as 100nm and minimum thicknesses of 10nm
can be deposited using this technique.

Having seen the main operation modes and the focused ion beam fundamentals of
ion substrate interaction, the following section will focus on the applications of focused
ion beam to optical fibers for the fabrication of all manners of sensors and devices.
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focused ion beam 
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the substrate
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volatile reaction 
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Figure 2.5: In deposition mode, the focused ion beam is used to decompose precursor
gas molecules. These molecules decompose into the deposited film and volatile products
that are removed from the chamber.

2.6 Focused ion beam in optical fibers

The first instance found of focused ion beam milling of optical fibers dates back from
1997 when Muranishi et al. used FIB to create and control the size of apertures of
scanning near-field optical microscopy probes [45]. Since then, FIB has been used in the
creation of a diverse range of fiber-optic devices and as a specialty processing technique.
This section will attempt to review all the instances where FIB was applied to optical
fibers. It is loosely divided by fabricated structures such as apertures, lenses, and fiber-
top cantilevers or FIB applications such as polishing or cleaving. In two cases, cavities
and gratings, analysis of the corresponding literature is presented in chapters 4 and 5
respectively.

The chart of figure 2.6 attempts to show the diversity and evolution of FIB appli-
cations in optical fiber along the years since its first appearance in 1997. Only journal
articles and conference proceedings where no corresponding journal article exists were
considered. An extensive review was made to have as complete a picture as possible and
any omission is the sole fault of the author. From this chart and the bar chart of figure
2.7, several trends can be observed:

• the first application of FIB to optical fibers was the fabrication of apertures on
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fiber tips for scanning near-field microscopy (1997);

• beam-shaping structures milled on fiber tops first appeared in 2004 and have been
a strong field since;

• cleaving appeared in 2005 and has been used for very specific applications or as a
benchmark ever since;

• fiber-top cantilevers had a boom in 2006 − 2007 but fizzled out. Most of these
papers were published by the group of Prof. Davide Iannuzzi;

• channels and holes first appeared in 2007 for microfluidics;

• fiber-top hole and pillar arrays showed up in 2008 − 2009. These first 4 papers
were published by the group of Dhawan et al;

• cavities were first published in 2010;

• microgratings only appeared in 2011;

• a general trend seen in this evolution is the gradual shift from a simple hole for
aperture creation to more detailed and high-resolution structures such as micro-
gratings. Evolution of FIB technology is one of the causes of this shift as newer
systems have better resolutions at ever higher ion currents;

• many of these publications appear in spurts of 3 or 4 and then disappear. Looking
more carefully into the publications, one can see that they all belong to a certain
group. This leads to the belief that these represent the access of a certain photonics
group/optical fiber lab to a focused ion beam device. As they are still far from
being standard in an optics lab, access to the device even if just for a short period
of time, rapidly provides a few publications, denoting the potential of applying
FIB to optical fiber post-processing. Many examples of this exist such as Iannuzzi
et al. with the fiber-top cantilevers, Dhawan et al. with the fiber-top hole/pillar
arrays, Rodrigues Ribeiro et al. with the fiber-top lenses and plates for optical
trapping, Kou et al. with Fabry-Perot cavities, Di Fabrizio’s lab with fiber-top
lenses, and others;

• even though the publications span the last 20 year, over 80% of those publications
were published in the last 10, attesting to how recent this field of study is;
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Figure 2.6: The chart of publications in focused ion beam applied to optical fibers by year
and application shows the gradual introduction of new fields along the years. Red circles
represent publications from others and blue squares represent my own publications.

• the 5-year moving average of figure 2.7 shows a stabilizing trend and not an ex-
ponential one. I believe this is due to the fact that FIB is still a very expensive
technology and while more and more labs are having access to it, it does not come
at a cheap price which stifles an increased growth of the field. Justifying such high
expenses (a whole system costs upwards of one million euros and just a few hours
can be charged at hundreds of euros an hour) for such an experimental field is not
an easy task.

2.6.1 Scanning near-field optical microscopy probes and aper-
tures

Scanning near-field optical microscopes (SNOM) are used to study the optical properties
of surfaces on a sub-micron scale (figure 2.8). For this, SNOM optical probes usually
have an aperture much smaller than the wavelength of light. These tips are traditionally
made by drawing or etching the fiber into a sharp tip and then depositing a metal on the
tip (typically gold). The last step it to create an aperture on this very tip. Fabricating
this aperture and easily controlling its size is the main challenge. Initially, it was achieved
by angled evaporation but controlling this is very difficult. This is where FIB comes in.
FIB can be used to mill an aperture at the fiber tip with dimensions smaller than 50nm.
Muranishi et al. first reported this in 1997 (figure 2.8a) [45], and since then, others have
followed [46–51]. At the beginning, simple cleaves were performed with FIB after the
deposition of metallic films on the tip [45–48, 52]. Then, more complex probes and
apertures were designed and fabricated. Spajer et al. created a trihedral tip for SNOM
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Figure 2.7: The bar chart of the number of publications along the years shows an increase
of publications in the last 10 years but with a very erratic behavior.

where FIB was used to cleave and polish the tip on three sides (figure 2.8h) [53]. Later,
other aperture shapes appeared such as C-shaped (figure 2.8e) [49] and bow-tie-shaped
apertures (figure 2.8f) [50]. Recently, a new design of a “tip-on-aperture” probe was
developed for enhanced resolution (figure 2.8g) [51]. This involved milling the fiber tip
to form an aperture and an even smaller tip beside the aperture.

2.6.2 Beam shaping fiber-top structures

One of the most prolific uses of focused ion beam in optical fibers is the fabrication of
beam shaping structures on cleaved fiber tops. These structures can be lenses, zone
plates, phase plates, mirrors, etc. but they all have as main objective the shaping of the
light beam as it exits the fiber top. Two main applications can be perceived in published
literature: first, coupling light from the fiber into another waveguide, and second, optical
fiber tweezing.

In 2004, Schiapelli et al. fabricated a diffractive microlens on a fiber top to focus and
couple light in a LiNbO3 waveguide (figure 2.9a). They managed to increase in 67%
the coupling efficiency when compared to direct coupling [54]. The milling of Fresnel
microlenses on fiber tops was also studied by several groups (figures 2.9b and 2.9c)
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(a) Aperture fabricated
by drilling parallel to
the fiber axis [45].

(b) Elliptical aperture
with 100nm×300nm [46].

(c) Circular aperture with a
100nm-diameter [47].

(d) Aperture with
a diameter of just
35nm [48].

(e) C-shaped aper-
ture with 300nm ×
200nm [49].

(f) Bow-tie aperture fab-
ricated on an optically
grown polymer tip at
the cleaved end of a
glass fiber [50].

(g) Tip-on-aperture probe for
optical patterning [51].

(h) Trihedral tip
for reflection-based
SNOM [53].

Figure 2.8: Scanning near-field optical microscope probes fabricated with focused ion
beam can have different shapes. SEM micrographs adapted from the respective cited
sources.



2.6 Focused ion beam in optical fibers 25

[55, 56]. Chen et al. used FIB, not to mill the fiber top directly but, to mill a 200nm-
thick gold film that was deposited onto a cleaved fiber top (figure 2.9d) [57]. They
fabricated a metallic grating with 20 200nm-periods of concentric annular slits. With
this grating they were able to generate cylindrical vector beams when circularly polarized
light was launched into the fiber. Guan et al. also milled a 200nm-thick gold film to
create two slits and two grating arrays on a fiber-top (figure 2.9e) [58, 59]. These allowed
the generation of two Airy beams simultaneously. Similarly, Kang et al. fabricated a
slit-groove structure on a gold-coated fiber-top to generate quasi-one-dimensional Bessel-
like beams (figure 2.9f) [60]. Han et al. demonstrated that it is possible to control the
output beam by milling a phase hologram on the fiber tip (figure 2.9g) [61]. They
obtained a ring-shaped beam by milling such a phase hologram using focused ion beam.
Rodrigues Ribeiro et al. and Vayalamkuzhi et al. have recently fabricated spiral phase
plates to generate vortex beams. The plate essentially transforms the fundamental
guided mode (Gaussian) into a Laguerre-Gaussian mode which carries orbital momentum
(figures 2.9h 2.9i) [62, 63]. Janeiro et al. created a phase photon sieve on a fiber top
for improved coupling to silicon photonics waveguides (figure 2.9j) [64]. Nellen et al.
performed investigations into milling square apertures in a gold-coated fiber-top (figure
2.9k) [65]. They milled a 3×3 pattern of square apertures and investigated the resulting
diffraction pattern.

Optical tweezers are a technique in which a focused laser beam is used to trap and
manipulate micrometer-sized particles. It makes use of the optical gradient forces for
this effect. Typical optical tweezers that use Gaussian beams have several drawbacks.
One of which, and maybe the largest, is the rapid divergence of the beam, severely
shortening the active trapping region. Focused ion beam has been one of the techniques
used to create structures at the fiber top to change the beam profile from the fundamental
Gaussian mode into beams with other profiles like Bessel beams.

Cabrini et al. milled an axicon lens on a fiber-top to transform a Gaussian input
beam into a Bessel beam and this way increase the active trapping region (figure 2.10a)
[66]. Liberale et al. used a four-fiber bundle to trap particles. These four fibers all
had a trapezium-like slanted hole milled in their core region. These holes are slanted
so that light coming through the fibers refracts at the slanted interfaces and focuses at
one central point (figure 2.10b) [67, 68]. More recently, Rodrigues Ribeiro et al. have
developed several fiber-top lenses based on FIB milling for optical trapping (figure 2.10c)
[69]. Spiral phase plates, Fresnel zone lenses and Fresnel zone plates were all designed,
fabricated and characterized for optical trapping (figures 2.10d and 2.10e) [70, 71].
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(a) Difractive microlens
[54].

(b) Fresnel microlens [55]. (c) Fresnel microlens [56].

(d) Metallic annular
grating [57].

(e) Slits and gratings for Airy beam generation
[58, 59].

(f) Slit-groove struc-
ture for Bessel-like
beam generation [60].

(g) Phase hologram [61]. (h) Spiral phase plate [63].

(i) Spiral phase plates convert Gaussian modes into Laguerre-Gaussian
modes. These carry angular momentum [62].

(j) Phase photon sieve [64]. (k) Square apertures milled in a gold-
coated fiber top [65].

Figure 2.9: A wide range of lenses, gratings, plates, and apertures can be FIB-milled on
fiber-tops for beam-shaping purposes.
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(a) An axicon lens transforms
a Gaussian beam into a Bessel
beam that has a larger active
trapping region [66].

(b) Slanted mirrors milled on a four-fiber-bundle
focus light in a single trapping point [68].

(c) Spiral phase plates introduce angular mo-
mentum in the output beam which makes
trapped particles rotate [69].

(d) Fresnel zone plate
[70].

(e) Fresnel zone lens
[71].

Figure 2.10: FIB-fabricated lenses, plates, and mirrors can be used for efficient optical
trapping.
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2.6.3 Holes and channels

Drilling holes might seem like the most primitive use of focused ion beam but it is a
technique that can be very useful in the production of fiber structures and sensors. One
example is that of Ikeda et al. that milled a hole in a tapered glass capillary (figure 2.11a)
[72]. Zheng et al. also used FIB to create an access hole into a capillary (figure 2.11b)
[73]. Since these holes are merely for fluid access and have no optical relevance, surface
roughness is not an issue and enormous currents of 20nA (@30kV) are used. Martelli et
al. used FIB to mill side holes in microstructured optical fiber (figure 2.11c) [74]. These
side holes allow access to the intrinsic air holes of such fibers without destroying said
holes. These structures can then be used for microfluidics where it is now easier to insert
and remove fluids from the internal hole structure. Wang et al. took a different approach
to the same need (figure 2.11e) [75]. In order to selectively fill air holes in a photonic
crystal fiber, they used FIB to mill a microchannel on the PCF endface before splicing
it to single mode fiber. This way, they can select the air holes that get filled with the
surrounding fluid. Gomes et al. milled a channel on the fiber top of a caterpillar-like
microstructured optical fiber to allow liquids to flow into the air-holes (see appendix B)
[28].

Another structure that follows from the ability to mill holes is a Long Period Grat-
ing (LPG). Martelli et al. fabricate LPGs by drilling 20, 8µm-deep, periodic holes in
a 30µm-diameter etched fiber (figure 2.11d) [76]. They also made similar LPGs in mi-
crostructured optical fibers. In both cases, the diameter of the fiber was reduced by
chemical etching to drastically reduce milling times. In another instance, Huang et al.
used FIB to mill 10 shallow holes in 125µm-diameter multimode fiber (figure 2.11f) [77].
The use of large-core multimode fiber allows interaction of light with the holes without
the need to mill very deep into the fiber.

2.6.4 Fiber cleaving

Focused ion beam, due to its high resolution and versatility, can be used for high precision
cleaving of optical fibers. Gibson et al. used FIB to cleave the very tip of a tapered
photonic crystal fiber (PCF) tip and this way, reopen the PCF air holes (figure 2.12a).
Beam currents of 280pA (@30kV) were used [78]. Li et al. used the same principle
to cleave a photonic bandgap fiber without destroying the air-hole structure (figure
2.12c) [79]. They adopted a two-step milling procedure: first, with a current of 6.4nA,
the rough milling of a perpendicular cleave was performed and second, with a lower
current of 250pA, the fine milling and polishing resulted in the final structure. The
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(a) FIB can be used to cleave the top or
mill a channel in a tapered capillary to al-
low fluid access [72].

(b) A side-access hole in
a capillary is milled with
FIB [73].

(c) FIB is used to mill holes in microstructured op-
tical fibers for easy access to their holey structure
[74].

(d) Periodic FIB-milled
holes along a PCF can cre-
ate a long period grating
[76].

(e) GaussianFIB-milling a channel along select holes in a PCF endface before splicing to SMF
allows for selective filing of these holes [75].

(f) Periodic FIB-milled holes in SMF can result
in a long period grating [77].

Figure 2.11: Holes and channels milled with focused ion beam are used for microfluidics,
selective filling, and long period gratings.
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total procedure took 8 hours.
Angle cleaving is also a very useful application of FIB. Keulemans et al. cleaved

an SMF to a 45◦ angle (figure 2.12b) [80]. This angled surface works as a mirror and
reflects light into a sensing region diametrically opposite to the cleave. Renna et al.
fabricated a surface plasmon polariton (SPP) sensor by milling a gold-coated tapered
fiber tip at different angles (figure 2.12d) [81]. Abdi et al. evaluated different cleaving
techniques for polymer optical fibers (POF) (figure 2.12e) [82]. They concluded that FIB
milling produced the best cleaves by far but it was too time consuming and expensive for
daily use. They did however use the FIB cleaves as benchmarks for evaluating cleaved
cross-sections from other techniques. The FIB milling process was divided into three
decreasing beam current steps: 20nA for large volume removal, 7nA for initial polishing,
and 5nA for final polishing. The whole process takes from 6 to 8 hours.

FIB cleaving proves to be a very versatile technique for cleaving specialty fibers and
tapered fiber tips that would otherwise be very hard if not impossible to do. Angle
cleaving is as simple as perpendicular cleaving for focused ion beam. The main disad-
vantage is the time-consuming nature of the technique and it is thus most appropriate
when cleaving tips with small diameters.

2.6.5 Fiber-top hole and pillar arrays

In 2008, Dhawan et al. explored the fabrication of metallic nanopillar and nanoaperture
arrays on fiber-tops using focused ion beam [83–86]. These metallic structures work as
sensors based on surface plasmon resonance (SPR). The nanoaperture arrays are formed
by depositing a thick (100−240nm) gold/silver film on a fiber top and milling small
∼ 200nm-diameter holes with FIB (figures 2.13a) [84, 85]. Different sized arrays with
circular, triangular, square, and rectangular shaped apertures were designed and tested.
The nanopillar arrays are created in a similar fashion but with the inverse template: the
metal film is totally milled away with exception of the small nanopillar regions. These
nanopillars, just like the nanoapertures, can have different shapes and reach diameters
of ∼ 50nm (figure 2.13f) [86]. The mechanism by which these structures sense is based
on the detection of a shift in the SPR associated with the nanoholes in the metallic film
or the localized SPR associated with the metallic nanopillars when a refractive index
change of the surrounding medium occurs. Andrade et al. created circular and bow-tie-
shaped holes on gold films for surface enhanced resonance Raman scattering (SERRS)
measurements (figure 2.13c) [87]. Tian et al. fabricated similar nanohole arrays in gold-
coated fiber tops but with the intent to create a photoacoustic ultrasound generator
(figure 2.13b) [88]. The holes have a diameter of 80nm.
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(a) FIB-milling can cleave a tapered PCF to reveal the mi-
crohole structure without destroying it [78].

(b) Angled cleaves are easy
to mill with FIB [80].

(c) FIB-cleaving a photonics band-gap fiber (right) results
in a much smoother endface than traditional cleaving tech-
niques (left) [79].

(d) FIB can be used to cleave
a thin fiber tip at an angle and
achieve a smooth surface [81].

(e) FIB-cleaving of polymer fibers (right) allows
for much better results than traditional heating
and slicing techniques (left) and can be used as
a benchmark [82].

Figure 2.12: High quality cleaving of different fiber types, different fiber diameters, at
different angles is an easy task for focused ion beam.
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Micco et al. created a similar array of nanoholes with the difference being that these
holes were milled directly into the silica and not just in the metal film (figure 2.13d)
[89]. They were then coated with a high refractive index layer to obtain a double-layer
photonic crystal slab. Holes with an approximate diameter of 635nm and a depth of
304nm were fabricated with beam currents of 50pA and accelerating voltages of 30kV.

2.6.6 Other structures

Taking advantage of the FIB capabilities already seen, fabricating cavities in optical fiber
is a natural step. There are several examples of this in literature but a detailed review
is present in chapter 4 where the information can be complemented with results from
cavity fabrication and analysis. Fiber-top cantilevers are reviewed in chapter 3 where
examples of cantilevers are shown and their fabrication is detailed. The same is valid
for fiber Bragg gratings. In chapter 5, a detailed overview of literature on FIB milled
microgratings is performed. This decision was made to avoid unnecessary repetition and
so that the main chapters 3, 4, and 5 can be read independently and stand by themselves.
Figure 2.14 shows an example of a cantilever, a cavity, and a micrograting milled with
focused ion beam during the course of this work.

2.7 Sample preparation

As with any technique and especially with a technique as sophisticated and complex as
FIB, the samples need to be prepared before milling is actually possible. As referred
in chapter 1, optical fibers are not the ideal medium on which to mill with focused
ion beam. Two different features make milling microstructures extremely difficult if no
previous preparation is performed. First, the size of the optical fiber, or more precisely,
the distance from the milling region and the light guiding region, can be an issue. This
is not inherently a problem if milling on a cleaved fiber top as seen in section 2.6.2 or
figures 2.9 and 2.10 for example. In this case, milling the fiber core region on the fiber
top immediately affects light propagation as it is intended. The challenge arises when
attempting to reach the light guiding region laterally. To achieve this, one would have
to mill through the whole cladding to reach the core. Huang et al. show an example of
this by drilling a hole through the whole cross-section of the fiber and it not only takes a
very long time but it also needs a very high ion current which results in a very large hole
[77]. The solution to this problem is to use pre- and postprocessing techniques to reduce
the size of the fiber and effectively the proximity of the core to the surface. In this work,
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2.5 μm 4.5 μm 1.5 μm 2 μm

(a) Arrays of micrometer-sized holes with different shapes can be FIB-milled on metal
covered fiber tops [83].

(b) Microhole arrays can be used
to create fiber-top photoacoustic
ultrasound generators [88].

(c) Gold nanohole arrays were used for surface-
enhanced resonance Raman scattering measure-
ments [87].

(d) The nanohole arrays can also be milled di-
rectly on the silica instead of just the metallic
film [89].

(e) Metallic nanohole arrays milled
on fiber-tops or fiber-tips can make
use of plasmonic interactions for
chemical and biological sensing [84].

(f) Arrays of nanopillars can eas-
ily be milled with the inverse tem-
plate of the nanohole arrays [86].

1 μm 2.5 μm

(g) Metallic nanopillars of different sizes and
shapes make use of localized surface plasmon
resonance for chemical sensing [83].

Figure 2.13: Nanohole and nanopillar arrays are easily fabricated on fiber tops with
focused ion beam as they are very shallow and can be milled with very low currents.
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200 μm

(a) Fiber-top cantilevers will
be discussed and detailed in 4.

100 μm

(b) Focused ion beam milled
cavities will be the focus of
chapter 4.

10 μm

(c) Chapter 5 will elaborate on
fiber Bragg microgratings.

Figure 2.14: A detailed review of FIB-milled microcavities and microgratings will be
present in chapters 3, 4, and 5.

several techniques are employed that result in an intermediate structure ready for FIB
milling. In chapter 3 we will see an example of preprocessing with specifically designed
fibers that combined with chemical etching result in microwires with much reduced
dimensions. In chapters 4 and 5, tapered fiber tips created using dynamic chemical
etching will be used. In the appendices, we will see other examples such as tapering
with a Vytran glass processing workstation, polishing with a mechanical grinder, and
easy core access fibers such as exposed core fibers.

Second, optical fibers are typically made of silica and doped silica which are non-
conductive materials. As the FIB and SEM rely on hitting the fiber with charged beams,
Ga+ and e− respectively, charging and charge dissipation can become a big problem.
What happens with FIB is that charge is not conducted away from the region the beam
hits and it accumulates making the region positively charged. As milling goes on, the
positively charged ions in the ion beam will be repelled by the positively charged surface
leading to a deviation of the ions from the focused spot. This in turn effectively increases
the spot size which makes high resolution milling impossible. Once the intermediate
structures are ready from their postprocessing, a process that combines cleaning the
samples, attaching them to appropriate holders, and attempting to ground the surface
of the samples ensues.

2.7.1 Cleaning

The cleaning step may be very simple and at first glance not need mentioning. This is the
case for a fiber where one simply wipes the fiber with an ethanol soaked KimwipeT M

before cleaving. While this is valid for the preparation of fiber tops, it is not so for
more complex and delicate structures. Structures like suspended microwires and very
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100 μm

(a) Suspended microwire structure

200 μm

(b) Tapered fiber tip structure

Figure 2.15: Examples of intermediate structures that need to be cleaned and properly
fixed to appropriate holders.

(a) KimwipesT M (b) Ethanol and acetone (c) Ultrasonic cleaning bath

Figure 2.16: Cleaning the fiber structures prior to milling can be done with ethanol and
acetone using simple wipes and/or ultrasonic cleaning baths.

thin tapered fiber tips (figure 2.15) may not withstand a wipe. In these cases, and
it will depend on each specific structure, an ultrasonic cleaning bath (figure 2.16) is
the preferred method as there is no need to touch the fiber structures directly. The
fibers are placed inside an ethanol/acetone-filled beaker that in turn is placed in an
ultrasonic cleaning bath. A couple of minutes suffice to remove any dust that may have
accumulated on the surface.

The cleaning step can be performed before or after mounting the samples on a holder.
Cleaning before mounting has the advantage of being easier but makes the samples more
susceptible to accumulate dust during the rest of the process. Cleaning after mounting is
logistically trickier but has the added advantage of leaving the fibers clean immediately
before the next step. Obviously, cleaning can be done before and after and will typically
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depend on the working environment as the process is rarely done in a clean room.

2.7.2 Mounting

After the fiber structures are clean, they need to be mounted on appropriate holders
for the FIB-SEM system. The holders typically supplied with such systems are geared
towards flat substrates and are thus more appropriate for 2D samples. Fiber samples are
not only inherently 3D but they also have a lead-in (or both a lead-in and a lead-out)
fiber that needs to be dealt with. Several aspects need to be considered when choosing
an appropriate fiber holder that allows lateral FIB and SEM access:

1. the holder must be able to conduct electric charge. In this case, the holders were
fabricated out of aluminum;

2. the holder must be large enough to allow easy fixing of the fiber in more than one
point. If the holder is too small, the fiber which has loose ends that will dangle
outside the holder, will be under increased stress and more susceptible to breaking.
More than one fixing point will allow for better charge dissipation and structural
stabilization (less vibrations);

3. the holder must be compatible with the FIB stage, chamber, and other holders
that may be used. While a large holder would be easier to work with, the size is
limited by the stage and the chamber as it will need to move freely and tilt inside
the chamber without touching any of the equipment inside;

4. since the ion and electron beams form a 55◦ angle between them, it is necessary to
have flexibility to tilt the sample enough to image with SEM and image/mill with
FIB. The fiber could be simply laid down on a large 2D substrate but this would
reduce the possible tilt angle. The point where the ion beam and electron beam
cross, which is the focal point of the ion beam is a mere 9mm away from the tip
of the FIB nozzle which reduces the tilt angle range without the sample colliding
with the ion beam/electron beam apparatuses;

5. Ideally, more than one fiber sample should fit on the holder to streamline the whole
process of cleaning/sputtering/chamber insertion.

Overall, a simple metallic holder that can accommodate more than one fiber sample and
allows easy and structural fixation of samples is desired.

Figure 2.17 shows an example of the blocks designed and made to work as holders.
With experience, it became evident that the section of fiber to be milled should not be



2.7 Sample preparation 37

(a) This aluminum block has
a slot in the middle where the
fibers bridge from one side to
the other.

(b) The aluminum block has
three fibers glued on with sil-
ver paint.

(c) Some of the suspended
fibers shown are already bro-
ken.

Figure 2.17: The aluminum blocks with a slot in the middle are ideal to mill inline
structures where a larger degree of tilt freedom is necessary to access a hidden region of
the fiber.

in direct contact with the block because this restricts the tilting and the angular access
of the beams. As such, the milled-region-to-be should be free-hanging but as close to the
block as possible. The block with a slot of figure 2.17 is used for inline milling. Simple
cuboid blocks without a slot, like the one of figure 2.19 are used for milling tips.

2.7.3 Gluing

The fiber samples must then be fixed to the aluminum block. The mounting must
satisfy two condition: first, the connection must be conducting to allow for charge dissi-
pation from the fiber into the block and second, it must be strong enough to reduce the
movement and vibration of the fiber to a minimum. The typical mounting of FIB/SEM
samples makes use of carbon conductive double-coated tabs that easily stick to the holder
and to the sample (figure 2.18a). The problem encountered when using these tabs was
that the adhesive was so strong that it made it nearly impossible to remove the fibers
without breaking them. One other solution is the use of aluminum/copper conductive
tape with a single conductive adhesive surface (figure 2.18b). These were also tested
and provided good results in terms of conduction but the fixation wasn’t optimal. The
fibers would still move and slide in the adhesive. It was however used in some cases for
secondary fixation such as restricting the movement of the fibers inside the chamber.

The method most used throughout this work was conductive liquid silver paint (figure
2.18c). Not only did this provide the necessary grounding but it also provided fast and
strong fixation to the holder. Liquid silver paint dries in a few minutes when exposed
to air. The paint is applied with an application brush which allows for great flexibility
on the size of the droplet or coating. The other big advantage is that it can easily be
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(a) Carbon conductive tabs are too strong
for use with optical fibers but can be used
to fix aluminum blocks to SEM stubs.

(b) Aluminum one-sided
tape is used to further
help immobilizing fibers
further away from the
milling region.

(c) Conductive silver
paint is used as the main
fixation method. It is
acetone-based and can
be easily removed.

Figure 2.18: The ideal fixation method is generally a combination of silver paint and
aluminum tape but will largely depend on each particular case.

Figure 2.19: A single droplet of silver paint fixes the tapered fiber tip to the aluminum
block. Further along the block, other fixation methods are applied to ensure the fibers
are secured to the block.

removed with acetone. In figure 2.19, an example of fibers glued to an aluminum block
is shown. The placement of the silver paint droplets has to be carefully thought out.
The closer they are to the milling region, the better the electric charge will be conducted
away. But, on the contrary, the closer they are, the higher the risk of contamination of
the milling region before milling. The glue can be easily removed with acetone but if it
is too close to the milled structure then some extra careful cleaning may be necessary
to remove all the glue without destroying or contaminating the milled region.

2.7.4 Sputter coating

After the fiber samples are firmly glued onto the appropriate holding blocks, they must
be sputter coated with a thin metal film to finalize the preparation process. This thin
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metallic film will assure that charge will be dissipated from the milling region, through
the metal coating, into the holding block. For this film, gold or silver would be ideal
due to their conductivity but since this film does not have an optical purpose, a cheaper
metal was chosen for the task. From previous experience of the material science group
where the high vacuum coating system was most used, tantalum works just as well as
gold and silver for this purpose. Thus, for the entirety of this work, tantalum was the
metal of choice for coating all the structures. The high vacuum coating system used
was a Bal-tec MED 020 (figure 2.20). Simply put, initially, Argon is introduced inside
the chamber to flush out all undesired gases. After flushing, the atmosphere inside the
chamber should mostly consist of pure argon and the sputtering process can begin. To
start, a high voltage is applied to the target (cathode). This high voltage produces an
electromagnetic field between the target (cathode) and the sample table (anode). The
free electrons in this field will then be forced into a spiral path by a magnet system
where they collide with the argon atoms. These collisions result in the removal of an
electron from the outer shell of the argon atom resulting in an additional electron and a
positively charged argon ion. This cascading process causes a plasma (glow discharge).
The positively charged argon ions will then be accelerated towards the cathode where
they will knock out metal atoms from where they hit. These metal atoms will then fly
towards the sample table and condense evenly onto it. During their flight, the metal
atoms may collide with the other gas atoms and molecules inside the chamber resulting
in a scattering of the metal atoms and the formation of a diffuse cloud. The higher
the pressure inside the chamber, the more likely the collisions and the more scattering
occurs. The sputtered film will be a function of the target material, the working distance,
the sputtering current, the gas pressure, and the sputtering time.

In this work, the target used was tantalum, the working distance was set at 5cm,
the current was maintained at 60mA, the pressure was varied around 8.0 × 10−3 mbar
according to the desired coverage, and the sputtering time was used to set the film
thickness. For a film thickness of 50nm, a sputtering time of 100s was used. The
total time it takes to coat a sample (or a set of samples as long as they fit inside the
chamber’s sample table) is approximately 1h. Achieving the desired vacuum and flushing
the chamber take up most of this time since the sputtering itself takes less than 2min.

Two main aspects of the film need to be controlled: the thickness and the coverage.
Several thicknesses were tested and it was found that for the specific case of milling
optical fibers, a minimum thickness of 50nm was necessary. It was seen that thinner
films of Tantalum were not effective in avoiding the charging of the milling region and
they would also be milled away too easily during operation. As such, 50nm was the
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Figure 2.20: The Bal-tec MED 020 high vacuum coating system was the system used to
apply a thin tantalum film to the optical fiber samples.

smallest thickness that resulted in an effective charge dissipation.
Coverage of the film relates to the surface area that is coated. This can be controlled

by adjusting the argon pressure inside the evaporation chamber. If the pressure is low,
the metal atoms will collide less with the chamber atmosphere and this will result in a
directional film (figure 2.21). Since the fiber is cylindrical in nature, a directional film
will cover only around 180◦ of the fiber. If the pressure is higher, the metal atoms will
collide with the atmosphere much more, resulting in a change of direction. This, in turn,
allows for the deposition in regions out of line of sight of the metal target leading to a
higher coverage of the surface of the optical fiber (> 180◦). The use of a higher pressure
will depend on each specific case. Sometimes, a larger coverage won’t be necessary and
a directional film suffices.

2.7.5 Chamber

Sputtering is the last step in preparing the fiber samples for FIB milling. If the samples
are mounted on the aluminum blocks of figure 2.17 then they must be placed inside
the appropriate stage compatible holder (Figure 2.22a). This will then be placed inside
the chamber and fastened to the stage. Here, there are several fixed locations (holes)
where to place the holder (figure 2.23). Typically, if only one holder is used, it would
be placed in the central hole. But, since in some cases, the region to be milled is highly
asymmetrical with respect to the center of the holder, it is wiser to place the holder so
that the region is as centered as possible on the stage and not the holder itself.

Care to place the fiber samples in a way that little to no stage rotation is necessary
is a plus. The main concern here is with the loose fiber ends (that will be necessary to
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Lower pressure
Less collisions
Lower coverage

Higher pressure
More collisions
Higher coverage

Fiber cross-sections

Sputtered metal material

Figure 2.21: The pressure inside the sputter coater’s chamber will influence the thin film
coverage of the surface of the fiber. More pressure leads to more collisions between the
metal atoms and the chamber argon. This in turn allows the metal to be deposited in
regions out of the “line-of-sight” of the metal target.

(a) Example of a bulk specimen
holder where the aluminum block is
placed.

(b) Bulk specimen holder with
an aluminum block in place.

Figure 2.22: The bulk specimen holder clamps the aluminum block in place and due to
the pin on the bottom, is compatible with the FIB chamber.
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Bulk specimen holder

Aluminum Block

2 Silver paint droplets

3 Tapered fiber tips

Figure 2.23: SEM micrograph of an aluminum block and holder inside the chamber
shows three glued tapered fiber tip samples.

Dangling fiber end

Focused ion beamElectron beam

Moving stage

Block and holder
with fiber sample

Figure 2.24: The chamber shows the electron beam and focused ion beam tips, that
form an angle of 55◦ between them. The aluminum block and holder are secured to the
moving stage and the fiber ends are loose inside the chamber.

interrogate the structures afterwards) and whether they should be fixed or not. The most
obvious option would be to fix them to the holder. The problem here is that since the
holder is small, the fibers would be subject to very large curvatures and consequently
high risk of fracture. The stage is one other option to fix the fibers but that would
require operating inside the chamber and that brings risks to the fiber samples and the
equipment inside the small chamber. Fixing the fiber to the walls of the chamber is not
an option as the stage will move, rotate, and tilt relative to the walls. It was found
that leaving the fiber ends loose and dangling inside the chamber was the best option
(figure 2.24). There are no places where they could get stuck and in hundreds of stage
translations, rotations, and tilts not once was there a problem with this choice.
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2.7.6 Operation

Once the chamber is closed and the necessary vacuum is achieved, the fiber samples
must be brought to the center of the electron beam focus. The milling region must then
be brought to the eucentric height which in the TESCAN-LYRA case, is at an SEM
working distance of 9mm. Once the SEM is focused on the milling region at a working
distance of 9mm, the stage can be tilted to the desired angle for FIB milling. 55◦ is
the angle between FIB and SEM and would be the necessary tilt to bring the sample
perpendicular to the focused ion beam. At this point, it becomes necessary to focus the
ion beam and this is where caution is necessary. Focusing the ion beam implies that the
beam be scanned over the surface which means that milling will occur immediately even
at low currents. When focusing at low currents, the milling is minimized and the sample
does not suffer much damage but when the currents are high, the milling will be very
intense. One cannot just focus at a low current and then increase it because the focal
point is current dependent. The focusing is an aspect of FIB that requires practice and
experience to master but as a general rule, it should be kept at a minimum time-wise.
One way to avoid over-milling the desired region during focusing is to perform the coarse
focusing procedure at a point close to the milling region but not a bit removed, keeping
in mind that milling will still occur but not in the region of interest.

Where to focus in terms of depth is also a point to consider. Since in most cases in
this work, FIB is used to mill deep into 3D structures such as fibers, it is important to
note that while the beam may be focused on the surface, it will not be so when material
is removed and a hole starts to form. The difference will be more noticeable the deeper
the milling.

2.8 Final Remarks
In this chapter, we started by looking at the focused ion beam system and how it works.
We looked at the main components of a focused ion beam column and the interactions
between the beam and the substrate. More importantly, we saw that a FIB system can
operate in three main modes: imaging, milling, and deposition, truly attesting to its
enormous versatility. We saw the potential of FIB for the creation of micro- and nano-
structures in optical fibers. The application of focused ion beam to optical fibers is a
new field that started 20 years ago. During this time, progress was dictated by the ready
availability of FIB devices to optical fiber scientists. This is seen by spurts in literature
that reveal the temporary access of a certain group to a FIB system in time and space.
More recently, with the boom and massification of FIB systems, which become more
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available and to more groups around the world, the field can only grow. This is visible
by realizing that the field was established 20 years ago, but the last 10 years account for
over 80% of all published works.

Fiber sample preparation for focused ion beam milling is not a complex process
but requires several steps. After the post-processing of the fiber samples is concluded,
whether that be tapering, etching, or another method, the samples are just a few steps
away from being ready to mill. Besides cleaning, the process centers on good fixation
to an appropriate holder and adequate prevention of sample charging. Both things can
be achieved using conductive holders, conductive silver paint and aluminum tape, and a
conductive metal thin film sputtered onto the surface. After this, they can be inserted
in the vacuum chamber and the milling process can be initiated.

In the next chapters, the focus will be on the post-processing of optical fibers to create
intermediate structures and focused ion beam milling of these structures. Specifically,
the next chapter will focus on the fabrication of a Fabry-Perot cavity in a microwire
structure and further expanding it into a microwire cantilever. These next chapters will
be focused more on the fabrication and potential of FIB in optical fiber post-processing
than in the results of the sensors and devices themselves.



Chapter 3

Microwire cantilevers

After having seen how focused ion beam technology works and how it has been applied to
the fabrication of optical fiber structures in the past, the focus will now turn to actually
fabricating such structures. In this chapter, focused ion beam milling is combined with
chemical etching of specifically designed fibers to create Fabry-Perot interferometers.
Hydrofluoric acid is used to etch special fibers and create suspended microwires with
diameters of 15µm. These microwires are then milled with a focused ion beam to create
two different types of structures: an indentation where only half the microwire is milled
away and a cantilever structure where the microwire is only attached on one end. These
structures will then be spectrally analyzed and characterized in terms of temperature.
The cantilever structure is also sensitive to vibrations and will be seen as capable of
identifying applied frequencies in the range 1Hz−40kHz.

The focus here is not only to create an intermediate fiber structure on which focused
ion beam can be effectively applied, but also to fabricate fiber-top cantilevers with a
simple process.

3.1 Introduction
Fiber microcantilevers as fabricated in this work are, to my knowledge, new with respect
to fabrication procedure and configuration. Nonetheless, fiber-top cantilevers were intro-
duced by Iannuzzi and his group in 2006 [90–93]. These consist on a thin cuboid beam
that is milled out of a cleaved fiber top (figure 3.1a). Due to its long, thin, rectangular
shape, the beam functions as a cantilever whose vertical deflections can be read using
optical interferometry. The read-out system is the fiber itself, needing no additional
setup at the tip. These cantilever beams are milled with focused ion beam. They are
complex structures that need many milling steps from different directions to achieve the
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final cantilever (figure 3.1b). Details of the fabrication parameters are scarce as these
structures were subsequently patented and a company was founded by Davide Iannuzzi
[94]. It should be noted that fiber-top cantilevers have also been fabricated using a
two-step femtosecond laser micromachining process (fs laser glass structure altering fol-
lowed by HF chemical etching) [95]. This process is faster than FIB and similar optical
results are achieved even though the surface quality of these structures does not seem
to compare to FIB milled cantilevers. This is an instance where FIB was essential for
prototyping but nonviable as a commercial technique. FIB-milled fiber-top cantilevers
were subsequently applied for the detection of chemical species and for atomic force
microscopy [93].

Later, Li et al. fabricated a different kind of fiber-top cantilever for temperature
sensing (figure 3.1e) [96]. They used a ps-laser to do the rough milling of the larger
volumes and then FIB to polish the surfaces and achieve much lower surface roughness.
This combination significantly reduces the fabrication time as ps-laser machining is much
faster than FIB. Since the material to be polished is still a very large volume (the
cantilever is nearly 125µm-long), an extremely high ion beam current of 15nA (30kV)
was used.

The fiber-top cantilevers just shown have a totally different configuration than the
ones fabricated here and detailed in this chapter [26]. There are two main differences:
first, the cantilevers shown in literature have a perpendicular orientation relative to
the fiber axis while the cantilevers in this work are parallel/aligned with the fiber axis.
Second, while the cantilevers shown in literature were totally milled out of the standard
fiber with FIB (and ps-laser machining in the last example), here, the cantilevers are
simply FIB-cleaved microwires that were produced by chemical etching of structure
forming fibers. This fabrication process is much faster and cleaner than the milling of
the cantilevers shown in this section.

3.2 Fabrication

The fabrication of these Fabry-Perot microwire structures involves both a high and a
low resolution technique, chemical etching micromachining and focused ion beam re-
spectively. It can thus be divided into two steps: the fabrication of the microwire by
chemical etching, and the milling of a gap in the microwire with focused ion beam tech-
nology. This two-step process allows for the much faster fabrication of microstructures
than using solely FIB on standard fiber. Accessing the light guiding region with FIB
would take too long on a standard fiber, and the structures would be very poorly defined,



3.2 Fabrication 47

(a) FIB-milled fiber-top cantilever [91]. (b) Fiber-top cantilever milling process requires multiple
complex steps [93].

(c) Fiber-top cantilever with a sharp tip for atomic force mi-
croscopy [90].

(d) Milling a fiber-top cantilever takes a
very long time [91].

(e) This cantilever was fabricated using a mix of FIB and ps-laser ma-
chining and applied as a temperature sensor [96].

Figure 3.1: Fiber-top cantilevers are very complex devices that require several milling
steps. They take a very long time to mill because they span the whole diameter of the
fiber top.
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due to the high aspect ratio necessary.

3.2.1 Microwire fabrication by chemical etching

Doped silica is known to etch at a different rate than pure silica when exposed to different
acids. In the past, this phenomenon was used as a tool for the analysis of the refractive
index profile of a fiber. The selective etching achieved through the doping of silica can,
however, be a very powerful tool for micromachining an optical fiber. For example,
when germanium is added to silica, as is the case with standard telecommunication
fiber, the etching rate of the glass in hydrofluoric acid (HF) goes up. The etching rate
change from pure silica to germanium-doped silica is nonetheless low. Doping with
phosphorus pentoxide (P2O5) can be used to create areas within the fiber with a much
higher etching rate that can easily be removed when exposed in acid, all the while,
maintaining the pure silica areas almost intact (figure 3.2) [97, 98]. These P2O5-doped
areas inside the transverse section of the fiber can be used as sacrificial layers that are
similar to those used in the production of silicon MEMS1. This allows for the easy and
fast creation of complex devices in optical fiber. The chemical reactions involved in the
HF solution chemical etching of silica (SiO2) and phosphorus pentoxide (P2O5) are as
follows [99, 100]:

SiO2 +6HF −→ H2SiF6 +2H2O (3.1)
P2O5 +6HF −→ 2POF3 +3H2O (3.2)

The complexity and the properties such as the maximum depth and the attainable
aspect ratio of the microstructures depend on the etching selectivity S of the doped
region that is defined by

S =
vdoped
vSiO2

.

A considerable etching selectivity can be obtained even when considering a low dop-
ing concentration of P2O5. This allows the fabrication of preforms with low levels of
accumulated stress, which in turn leads to the possibility of creating large doped areas
that have a high etching selectivity within the so-called structure forming fibers (SFFs).
Together with a good compatibility of phosphorus pentoxide with the fiber fabrication
process available, these properties make P2O5 particularly attractive for creating micro-

1Micro-electro-mechanical systems
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Figure 3.2: A cross section of the structure forming fiber shows the P2O5-doped region
surrounding the microwire-to-be.

machinable fibers. This technique was used here to create microwires which were then
further post-processed using FIB technology. The whole process is comprised of a series
of steps shown in figure 3.3:

1. The structure forming fiber (SFF) was spliced to a single-mode fiber (SMF). The
splices were performed using a filament fusion splicer (Vytran FFS 2000) that led
to splices with losses below 0.2dB [98];

2. The structure forming fiber was cleaved to the desired length. For cleaving the
SFF, an ultrasonic YORK FK 11 cleaver set at a tensile strength of 2 N was used;

3. An additional section of a coreless all-silica multimode fiber (cMMF) was spliced
to the top of the structure forming fiber. This was used to prevent the etching of
the SFF from the top;

4. The coreless multimode fiber was then cleaved to leave just a short section of
around (30−40)µm. This acts like a cork;

5. The whole structure was then placed inside an HF solution with 40% concentra-
tion.

The process can be easily modified to produce the exact same structure but with lead-in
and lead-out standard single mode fibers.

Initially only pure silica is in contact with the HF solution and, consequently, the
whole structure is etched uniformly. When the outer silica shell is etched away and the
acid comes into contact with the doped region, preferential etching of the P2O5-doped
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SMFSFF
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(b)

SMFSFFcMMF
(c)

cMMF SMFSFF
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Figure 3.3: The microwire fabrication process involves several splicing steps and HF so-
lution etching: (a) SMF-SFF fusion splicing; (b) cleaving to desired microwire length; (c)
SFF-cMMF fusion splicing; (d) cMMF cleaving (30−40µm); (e) HF chemical etching;
(f) final microwire structure.

silica occurs. The P2O5 concentration of the SFF is about 8.5mol% which results in
an etching selectivity, S, of approximately 30. In other words, the etching rate of the
P2O5-doped region is about 30 times higher than the etching rate of pure silica. Etching
in 40% HF, at room temperature (∼ 25◦C), with no stirring, leads to etching rates of
1µm/min for pure silica and 31µm/min for the P2O5-doped region.

The etching process was terminated by rinsing the structures in distilled water. The
total etching times depend on the desired microwire diameter and the external temper-
ature, and can range from 15 to 20 minutes. The change in loss of the device can be
used as an indication of the thickness of the microwire. Thus measuring the losses, in
this case by measuring the reflected power, in real time can be used to determine when
to stop the etching process. A simple setup with an ASE source and a power meter is
used to monitor in real time the losses and provide feedback for the etching process.
Figure 3.4 shows two examples of the reflected power during the etching process. Ini-
tially, the losses are very high because a waveguide structure does not exist, i.e. light
is mainly lost in the higher index P2O5-doped region. When the P2O5-doped region is
gradually etched away, the HF and the silica microwire form a waveguide and the losses
are reduced. The losses reach a minimum when the fundamental mode of the microwire
is best matched with the mode field distribution of the lead-in fiber. In terms of losses,
this would be the best etching termination point when considering an aquatic medium.
Etching beyond this point will reduce the diameter of the microwire while increasing the
losses of the structure. Through an analysis of this curve it is possible to determine the
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Figure 3.4: The reflected optical power curves show the instant when the losses are
minimal (local maximum). This is where the etching should be stopped if one wants the
best coupling from SMF to microwire, but if a smaller diameter microwire is desirable
then the etching must go on for a longer time like in the graphs shown.

approximate size of the microwires and stop the process at the desired diameter.
The structure that remains after chemical etching is a microwire with a diameter

of approximately 15µm, aligned with the single-mode lead-in fiber core, and two side
support beams that, due to the complete misalignment with the SMF core, do not guide
light (figure 3.5). These side support beams give the microwire protection and help
the whole structure retain its form. Even though the microwire, when in air, supports
several modes after being etched, practically only one mode is launched by the SMF in
the current configuration. This required special care in structure design as described
in detail in the paper from Pevec et al. [98]. The guiding losses for the microwires are
below 0.4dB for diameters of 15µm.

Small defects arise in the splice region as can be seen in figure 3.5c. The small
indentations along the splice line can be attributed to the fusion splicing of the two
fibers and consequent local modification of the properties of the glass. This happens in
every splice, even between identical fibers, but here, the HF etching highlighted these
imperfections. This is no cause to worry as it will not induce additional losses. More
important is the visible thinning of the microwire in the splice region. This has the
same origin as the small indentations but will have a larger effect on the losses of such a
device. What happens here is that, with the heat of the splice, the P2O5 dopant diffuses
into the SFF’s silica core. During the etching process, when the acid solution reaches
this region, the outer sections will be etched slightly faster. It is impossible to get rid
of this thinning but by controlling the splicing conditions it is possible to reduce the
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200 μm

(a) An inline microwire device with both
lead-in and lead out fibers.

100 μm

(b) The structural integrity of the microwire
is maintained by the two side support beams
that do not guide light nor interfere in its
guidance.

20 μm

(c) Magnification of the splice region shows
small defects along the splice.

Figure 3.5: Example of a 510µm-long microwire device produced by HF etching of a
P2O5-doped structure forming fiber. At the splice section between the microwire and
the SMF, small defects are visible. These originate in the splicing process itself.

effect. Adjusting the fusion splicing to a lower power and with an offset towards the
single mode fiber, the diffusion can be kept at a minimum and thus, the thinning effect
can be controlled.

Once the microwires are fabricated, whether inline or at the end of a lead-in fiber,
the next step is to prepare them for FIB milling and proceed with the milling of the
desired structures. That is precisely what the next section will focus on.

3.2.2 Cavity fabrication with focused ion beam

The microwires then need to be prepared for the last step, the focused ion beam milling.
The objective here is to create a gap in the microwire with well-defined sidewalls in order
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to form a cavity. This will imply milling a section of the microwire and polishing the
sidewalls to act as mirrors in a Fabry-Perot cavity.

As detailed in section 2.7, it is necessary to stabilize the fiber structures and avoid the
charging of the silica glass by channeling the charge away from the milling region. The
first step is to place the microwire structures on a FIB compatible holder that is made of
aluminum. This is the first necessary step to avoid charging during electron beam and ion
beam operation, as silica is non-conductive. The charging will affect the milling because
it will cause the ion beam to drift from its intended spot position, effectively reducing
the resolution and quality of the milled structures. First, the microwires that are located
on the end of a fiber section are glued to an aluminum block using a conductive, silver
paint. Small drops of silver paint are used in two points just to fix the sample to the
block. The use of more paint would help with conductivity but would make the removal
process more difficult. As with anything, common sense prevails, and more or less silver
paint can be used as long as the fibers are well fixed to the aluminum blocks.

The second step is to sputter-coat a thin tantalum film (ca. 50nm) onto the surface
of the microwires. This tantalum film is deposited using a Bal-tec MED 020 system.
It allows the fiber to better distribute the charge, both positive and negative, that
originates in the ion and electron beams, respectively. Tantalum was used instead of
higher conductivity metals, such as silver and gold, mainly due to its cheaper price and
the fact that the application in question merely needs a conductive film as opposed to
other applications like plasmonics where the material in question is extremely important
in the definition of the properties of the desired structures. The thickness of the film was
chosen to be 50nm as this had been previously studied to be ideal for the preparation of
fiber samples; it is neither too thin that it does not conduct properly, and it is not too
thick that it hinders the milling itself. The film is deposited in an Argon atmosphere
with a pressure of 8×10−3 mbar. The pressure was also carefully chosen as to deposit a
directional film. This means that the film does not encircle the entire fiber/microwire.
It is mainly deposited on the side that is exposed to the sputter target. This is by design
because there is no need to deposit additional film in regions that are not being milled.
Some have found the tantalum film to introduce high losses in their structures [29]. This
was not the case here as the fiber modes are mainly confined within the microwire and
very little evanescent field appears outside the microwire, and thus interacts with the
film.

The FIB milling is performed in two steps, a first of rough milling at high ion currents
and a second of polishing at much lower currents. Initially, an ion current of approx-
imately 1nA is used for a primary, coarse milling of the cavities. This leads to the



54 Microwire cantilevers

creation of a slot (cavity) with very poorly defined sidewalls and base. The big advan-
tage of this is the short time necessary to mill this coarse cavity. The 1nA current was
chosen so that the primary milling time would not exceed 1hour. After this, a polishing
is performed using a much smaller current of 100 − 300pA. This current was chosen
so that the secondary polishing times did not exceed 20min. This limitation of milling
times originates from the continued necessity to avoid charging and subsequent drift
effects. The surface quality is rough after the primary milling due to the high current
employed and also due to the redeposition of some of the milled material but, after the
polishing, the surface roughness greatly decreases. Flat, parallel walls can be obtained
because the aspect ratio of the milled structure is not very high [101].

After the whole milling process is complete, the microwire device can be removed
from the aluminum holder. For this, acetone is used to slowly dissolve the silver paint.
An ultrasound bath is also used to accelerate the process and to increase the cleanliness
of the device overall.

Indentation

The first milled structure shown here consists of an indentation in the microwire (figure
3.6). The microwire was milled until the center, effectively removing a half-cylindrical
section with a length of 40.5µm. The sidewalls were then polished with a lower current
to obtain a low surface roughness. These polished sidewalls will act as mirrors in our
Fabry-Perot cavity.

Cantilevers

The second type of structure is similar save that a whole section of the microwire is
removed instead of just a half cylinder section. Here the milled section can be at the very
top of the structure or near the splice with the lead-in SMF. This results in a completely
cleaved microwire that is suspended from either the fiber-top side or the lead-in fiber
side. The microwire stays in place due to the side support beams that remain intact
after the milling process. While completely cleaving the microwire, several problems can
arise. Figure 3.7 shows two such problems. When milling through the whole microwire,
the sidewalls of the milled section may have a large surface roughness, just like in the
previous case. This will be extremely detrimental to the objective of forming a Fabry-
Perot cavity. What differs from the indentation cavity is that the polishing procedure
is not straightforward. Since the microwire is now freestanding, any attempt to polish
its tip will cause the microwire to vibrate and thus render the polishing ineffective. One
other problem that can arise from the release of the tension in the microwire is sticking
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100 μm

(a) Original microwire with a single lead-
in/lead-out fiber before FIB milling.

100 μm

(b) Microwire with a milled indentation.

20 μm

(c) The milled indentation is basically a half
cylindrical section of the microwire.

Figure 3.6: Example of an indentation milled in a microwire structure. The indentation
shown here has a length of approximately 40.5µm.
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50 μm

(a) Microwire structure before milling

20 μm

(b) Microwire just before the breaking point

20 μm

(c) Completely cleaved microwire

Figure 3.7: The milling process of creating a cantilever can lead to two major problems:
surface roughness and microwire tension release.

to the side support beams. When the tension is released with cleaving, the lowest tension
position of the now freestanding microwire may be in a position where the microwire
sticks to the side support beams (figure 3.7c).

In figure 3.8, a different sample is shown. Here, after milling, the cantilever remained
aligned showing no signs of tension release. The surface roughness is also much better
than the previous case but still shows on the right-hand side of the gap (figure 3.8d).
The tension problem, although rare in its occurrence, cannot be fixed as it arises in the
splicing step and not during the FIB milling. On the other hand, the surface roughness
can be minimized by polishing the gap sidewalls before the complete separation occurs.
Such a case is shown in figure 3.9.

The other cantilever type already mention is created when the microwire is cleaved
close to the lead-in fiber. The perfect example can be seen in figure 3.10. Perfect
alignment and very low surface roughness were achieved in this case.

Three different types of structures were projected and created using the microwires
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200 μm

(a) Microwire before milling

200 μm

(b) Cleaved microwire

50 μm

(c) Magnification of cleaved section

10 μm

(d) Magnification of the sidewall surfaces

Figure 3.8: The microwire was completely cleaved and the cantilever remains aligned
with the rest of the microwire.
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200 μm

(a) Initial microwire before milling

20 μm

(b) Cantilever at resting position

20 μm

(c) Cantilever tip during vibration in an out
of rest position

200 μm

(d) Full cantilever in a bent state when vi-
brating

Figure 3.9: Polishing the cantilever top before complete separation leads to a much lower
surface roughness.

400 μm

(a) Cleaved microwire

100 μm

(b) Magnification at the separation

Figure 3.10: The microwire was cleaved near the lead-in fiber forming a cantilever sus-
pended from the top end of the structure.
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fabricated by the chemical etching of structure forming fibers. Using focused ion beam
milling, an indentation and two types of cantilevers: top hanging or lead-in hanging,
were fabricated and the process was optimized to reduce surface roughness of the milled
sections.

3.3 Results

Having milled the indentation cavities and the cantilevers on these suspended microwires,
the next step was to spectrally analyze and characterize them. The FIB-milled microwire
structures were then spectrally inspected to assess the quality of the structures and how
they are effectively working. They were also characterized in temperature and vibration,
testing their applicability as vibration sensors.

3.3.1 Optical spectra

The FIB milled microwire structures were analyzed in a simple reflection setup (figure
3.11) consisting of an optically amplified spontaneous emission (ASE) broadband source
@1550nm, an optical circulator, and an optical spectrum analyzer (OSA). The resulting
optical spectra of all the structures after focused ion beam milling show a channeled
spectrum typical of a low finesse FP structure (figure 3.12). They have completely
different fringe spacings, as the cavity lengths are different (figure 3.13). Estimating
the cavity length using the fringe spacing can provide a better understanding of where
the reflections are taking place. The following expression can easily be derived from the
resonance wavelength expression for a FP cavity, taking into account two consecutive
resonant wavelengths λ1 and λ2:

lcavity = λ1λ2
2 ·neff ·∆λ

(3.3)

An effective index equal to that of silica was assumed because all the cavities are
entirely or almost entirely made of silica and the evanescent field in such a microwire
is almost negligible. The cavity lengths can be estimated based on the spectral char-
acteristics of each structure using equation 3.3. Comparing these with the structures
themselves and looking at the possible cavity lengths obtained from the SEM micro-
graphs, one can easily find the cavities that are originating the optical spectra obtained
(table 3.1). The cavities are formed between the reflection at the first encountered glass-
air interface and the fiber top. This first interface is located at the first interaction of
light with the milled structure in any of the three cases.
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ASE C-Band 
light source

Optical Spectrum Analyzer
(OSA)

1

2

3

Suspended microwire with
milled cavity

Optical 
circulator

Figure 3.11: The optical setup is comprised of a C-band ASE source, an optical circu-
lator, and an optical spectrum analyzer and is used to read the microwire structures in
reflection.

Table 3.1: The cavities formed in each structure have very distinct lengths.

Cavity length
Structure FSR-derived SEM-measured

Indentation 172µm 168µm
Top cantilever 1026µm 1025µm

Lead-in cantilever 62µm 54µm

Indentation spectrum

N
o
rm

al
iz

ed
 O

p
ti

ca
l 

Po
w

er
 (

d
B
)

Wavelength (nm)
1540 1560 1580

-20

-30

-40

(a) Channeled spectrum of the in-
dentation cavity.

Top-hanging
cantilever spectrum

-24

-27

-30

-33
1528 1532 1536

N
o
rm

al
iz

ed
 O

p
ti

ca
l 

Po
w

er
 (

d
B
)

Wavelength (nm)

(b) Channeled spectrum of the
top-hanging cantilever.

Lead-in-hanging
cantilever spectrum

-34

-38

-42

-46
1530 1555 1580

N
o
rm

al
iz

ed
 O

p
ti

ca
l 

Po
w

er
 (

d
B
)

Wavelength (nm)

(c) Channeled spectrum of the
lead-in-hanging cantilever.

Figure 3.12: All three structures show channeled spectra typical of low-finesse Fabry-
Perot cavities.
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124 μm

168 μm

44 μm

(a) Indentation cavity structure

1015 μm

1025 μm

10 μm

(b) Top-hanging cantilever structure

2 μm
52 μm

54 μm

(c) Lead-in-hanging cantilever structure

Figure 3.13: Schematics of the presented and analyzed structures (images not to scale).
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Having seen that all these structures function as low-finesse Fabry-Perot interferom-
eters and that the cavities are almost entirely made of silica, it is natural that these
cavities be sensitive to temperature. As such, a deeper analysis of the indentation and
the top-hanging cantilever structures in regards to temperature follows.

3.3.2 Temperature

The indentation cavity structure and the top hanging cantilever structure were char-
acterized in temperature and showed similar responses. The structures were placed
inside a tubular oven and the temperature was changed from 100 to 550◦C. An opti-
cal spectrum analyzer with a resolution of 1pm was used to acquire the spectra. The
wavelengths were tracked using MATLAB® to determine the spectral shift. For each
temperature measurement, the system (oven + sensor) was stabilized at each tempera-
ture point for approximately 2min to ensure a stable and uniform temperature in the
oven. Both structures present a similar, slightly quadratic behavior (figure 3.14), but
two linear regimes can be defined. For low temperatures (100−300◦C), sensitivities of
11.5pm/K and 12.3pm/K were obtained for indented FP and top-hanging cantilever FP,
respectively. For higher temperatures (300−550◦C), 14.2pm/K and 15.5pm/K were the
calculated sensitivities for indented FP cavity and top-hanging cantilever, respectively.
These sensitivities are in line with a theoretical calculation of the temperature sensitivity
of a silica cavity:

ST = ∆λ0
∆T

= λ0
(
αSilica

T O +αSilica
T E

)
(3.4)

where αSilica
T O is the thermo-optic coefficient of silica

(
8.6×10−6 K−1

)
[102] and αSilica

T E

is the coefficient of thermal expansion of silica
(
0.55×10−6 K−1

)
[103]. At 1550nm, the

temperature sensitivity would theoretically be 14.2pm/K.

3.3.3 Vibration

In the cantilever Fabry-Perot structure, the microwire is solely suspended by one of its
ends as opposed to the indented FP structure where both ends of the microwire are fixed.
This suspended microwire has freedom to move relative to the bulk input fiber, allowing
for aligned and misaligned positions. Using this property, these cantilever structures
can be applied as vibration sensors. The top-hanging cantilever structure was attached
to an acoustic vibrating system that produced a vibration frequency in the range from
1Hz to 40kHz. A tunable laser set at 1561nm was used instead of the ASE source,
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Figure 3.14: The temperature characterization of the the indentation cavity and the
top-hanging cantilever show almost identical results because they are both essentially
silica cavities. Indentation: y = 5.5 × 10−6x2 + 9.5 × 10−4x + 0.98 and Cantilever: y =
6.4×10−6x2 +9.8×10−3x−1.15.

and the optical spectrum analyzer was replaced by a photo-diode so that the power at
a specific wavelength could be monitored. This makes the cantilever effectively work
as an intensity sensor, obtaining maximum intensity when the microwire is aligned and
minimum intensity when it is misaligned.

In figure 3.15, three different signals taken directly from the photodiode for three
different applied frequencies (90Hz, 1.2kHz and 14kHz) are shown. Using these signals
it is possible, by taking their Fast Fourier Transforms (FFT), to determine the applied
frequencies in each case. Using this simple setup, the peak corresponding to the applied
frequency was identifiable in the whole range (1Hz−40kHz). The top limit of this range
was set by the maximum frequency generated by the vibration system and not by the FP
structure itself. It is possible to estimate the first resonance frequency of the cantilever,
that would ultimately limit the working range of the device, using the following equation
derived from the equation of motion for a cylindrical beam [104]:

f1 = 3.52
2πl2

√
EI

ρA
= 1.76a

2πl2

√
E

ρ
(3.5)

where E is Young’s modulus of elasticity, ρ is the mass density, I is the second
moment of area, A is the cross-sectional area of the beam, l is the beam length, and a

its radius. Typical values for silica fibers are E = 7.2×1010 N/m2 and ρ = 2.2kg/m3. For
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14	kHz

1.2	kHz

90	Hz

(a) Time response of the top-hanging cantilever
structure for three different applied frequencies:
90Hz, 1.2kHz, and 14kHz.

14	kHz

1.2	kHz

90	Hz

(b) Respective fast Fourier transforms of the time
responses.

Figure 3.15: The top-hanging cantilever clearly responds to the applied frequencies as
seen by the time responses and respective FFTs.

this cantilever, one has: a = 7.5µm and l = 1025µm. This yields an estimated resonance
frequency of 362kHz, way above the working range tested in this work. Also present in
the FFT spectra are the second and even third harmonics for some of the frequencies
applied.

3.4 Discussion and final remarks

A combination of chemical etching and micromachining of specially designed and doped
fibers with focused ion beam milling was at the center of this work. To my knowl-
edge, this is the first time that this has been attempted and achieved. The chemical
etching of these specially designed structure forming fibers results in a microwire sus-
pended between both ends and flanked by two side-support beams. On such microwires,
two different types of Fabry-Perot structures were created: one consisting of a milled
indentation on the side of the microwire and the other where the microwire is totally
cleaved close to one end, leaving it suspended and susceptible to vibration. The initial
fiber design allows for this because of the existence of side support beams that hold the
microwire in place even after it is cleaved. This free-standing microwire is what allows
this structure to work as a vibration sensor. Most fiber vibration sensors are based on
using two distinct fibers for input and output and an external system to hold them in
place, using one fiber as a cantilever [104]. The sensor presented here has the advantage
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of being completely integrated in the fiber, with no need for external support structures.
Temperature sensitivities from 11.5 to 15.5pm/K were obtained for both FIB-milled FP
structures when considering a temperature range from 100 to 550◦C. These sensitivi-
ties are in accordance with the expected values for silica Fabry-Perot cavities. As for
vibration, the cantilever system detects frequencies from 1Hz to 40kHz, and potentially
as high as the first resonance frequency of 360kHz.

This work shows that focused ion beam can be used for processes such as selective
cleaving and creating simple structures that could not be achieved otherwise with such
high optical quality. Cleaving the microwire with such precision and taking into account
that the side support beams must remain intact, demonstrates the versatility and po-
tential of FIB as a superior post-processing technology. It can be combined with optical
fibers to fabricate new and novel devices that would otherwise be extremely hard or even
impossible to fabricate. In the following chapters, more and more complex structures
will be presented to further demonstrate the applicability of focused ion beam to optical
fiber device fabrication.





Chapter 4

Tapered fiber tip Fabry-Perot
probes

Many optical fiber sensors based on interferometry have been developed over the last
decades. Sensors based on Michelson, Mach-Zehnder, Sagnac, and Fabry-Perot (FP)
configurations are some of the most explored. In this chapter, the focus will be on this
last configuration, the fiber Fabry-Perot interferometer. The Fabry-Perot interferometer
is uniquely suited for label-free refractive index sensing as it allows the propagating light
to interact with the surrounding environment. In the case of an open cavity, it can be
filled with the analyte of interest and perform the necessary measurements. In principle,
multiple cavities can be multiplexed to perform simultaneous measurement of multiple
parameters, increasing the versatility of such sensors.

The aim here is to create a tapered fiber tip (TFT) probe, with a Fabry-Perot
interferometer at its very tip. TFTs are already used in optogenetics research but are
limited to light delivery and fluorescence monitoring. Fluorescence monitoring largely
relies on labeling the samples and thus introduces possible external influence in the
environment we want to sense. With the implementation of a FPI at the very tip
of a TFT, it may be possible to substitute the fluorescence monitoring by label-free
interferometric measurements.

Following a review of optical fiber Fabry-Perot interferometers with a more detailed
look at the state of the art in FP microcavities (and especially those fabricated by FIB),
a brief look at the basic characteristics of low-finesse FP cavities ensues. The production
of tapered fiber tips by dynamic chemical etching, which are the intermediate structure
on which the FP microcavities will be milled, is detailed next. After this, the procedure
for the FIB-fabrication of several types of microcavities in tapered fiber tips is presented
along with their spectral characterization. To finalize, these microcavities are tested as
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temperature and refractive index sensors, as a proof of concept.

4.1 Introduction

In its most simple form, a Fabry-Perot interferometer (FPI)1 is composed of two paral-
lel reflecting surfaces with a small separation between them. The original Fabry-Perot
interferometer was invented by physicists Charles Fabry and Alfred Perot. They pub-
lished their most significant article in 1897 [105]. FPIs were ported to optical fibers
in the early 1980s [106–109] and have since then, shown to be promising optical fiber
sensors because besides benefiting from the same advantages as other sensors, they are
versatile and simple.

Fiber FP interferometers can be classified as intrinsic or extrinsic. If the reflecting
mirrors are formed within a single fiber structure even if such structure is made up of
different spliced fibers, it is called an intrinsic FPI. In an extrinsic FPI, the cavity is
located outside the fiber and can be formed when two mirrored ends of two different
fibers are spaced by a small air-gap (figure 4.1a) or when a fiber top is combined with
another reflective element, exterior to the fiber, like a reflective surface (figure 4.1b)
[110]. Figure 4.1 shows two examples of extrinsic FPI while figure 4.2 shows examples
of intrinsic FPI. Initially, the focus of research was mainly on extrinsic FPI as they were
easier to fabricate with the available technologies.

With the advent of new fibers, fiber Bragg gratings, and new, more precise tech-
nologies, a shift towards intrinsic FPI occured with special focus on new cavity designs.
These new designs, due to their intrinsic properties, were more stable, easier to produce
and reproduce, and could be made to have much smaller dimensions. The next section
will look into some intrinsic FPI designs with special focus on microcavities and focused
ion beam milled FPI.

4.1.1 Fabry-Perot cavities in literature

Fabry-Perot cavities are extremely versatile as they can be implemented using a myriad
of techniques. While true that such cavities can be formed by joining two cleaved fiber
ends together, like seen in the previous section, the flimsy nature of this kind of approach
led to the development of more stable devices that do not require precise alignment – the
so-called monolithic or intrinsic fiber FP cavities. Some examples of cavity fabrication
methods can be seen in figure 4.2 and are briefly described below. Many more exist and

1also known as Fabry-Perot cavity or Fabry-Perot etalon.
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Lead-in/Lead-out fiber

Cavity

(a) Extrinsic FPI created by introducing a space
between two cleaved fibers.

Reflective surface

Lead-in/Lead-out fiber Cavity

(b) Extrinsic FPI created by the reflection at a
cleaved fiber end and a reflecting surface.

Figure 4.1: Schematics of two different extrinsic Fabry-Perot interferometers show that
the cavity is outside the fiber itself.

an extensive review of fiber Fabry-Perot interferometers is not the aim here.

Metal film deposition Tseng et al. coated the two ends of a section of SMF with
aluminum films and coupled light into the cavity with a microscope objective (figure
4.2a) [111]. Valis et al. spliced together two silver coated fiber ends to form a semi-
reflective splice which, combined with a silvered cleave a few millimeters away, formed
the FP cavity [112].

Dielectric film deposition Lee et al. deposited TiO2 films [113] and multilayer
TiO2/SiO2 films [114] on cleaved fiber ends and spliced them with a section of SMF
in-between making a solid glass FP cavity (figure 4.2a).

Polymer film deposition Morris et al. deposited a polymer film on a fiber top to
create a cavity (figure 4.2e) [115]. They increased visibility by depositing a gold film on
both ends of the polymer section.

Capillary tube or hollow-core fiber splicing Sirkis et al. spliced a section of a
glass capillary between two SMFs to create a cavity (figure 4.2b) [116]. Rao et al. did
the same with a hollow-core PCF [117].

Fiber Bragg grating mirrors Betts et al. formed a FP cavity between two fiber
Bragg gratings (figure 4.2d) [118].

Chemical etching Rao et al. etched erbium-doped fibers to create dips in the core and
then spliced them to SMF to create a cavity (figure 4.2c) [119]. Cibula et al. prepared
similar structures by etching a section of graded-index MMF and creating a concave
cavity [120].
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Lead-in/Lead-out fiber

Semi-reflective mirrors

(a) The FP cavity is formed between two semi-
reflective mirrors where a dielectric or metal film
was deposited before splicing.

Hollow-Core fiber or capillary

Lead-in/Lead-out fiber Splices

(b) Splicing a hollow-core fiber section (or a glass
capillary) between SMF creates a FP cavity.

Lead-in/Lead-out fiber

Air bubble

(c) An air bubble created when splicing two fibers
can function as a FPI. Schematically similar is the
splicing of two chemically etched SMFs together.

Lead-in/Lead-out fiber

Fiber Bragg gratings

(d) Fiber Bragg gratings can act as mirrors and
the combination of two can form a FP cavity be-
tween them.

Lead-in/Lead-out fiber

Polymer film

(e) A polymer film deposited on a cleaved fiber
end works as a cavity with reflections at both in-
terfaces.

Lead-in/Lead-out fiber

Micromachined cavity

(f) Focused ion beam and femtosecond lasers can
be used to machine a cavity in a fiber.

Figure 4.2: Schematics of different types of intrinsic Fabry-Perot interferometers show
the versatility of such structures.
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Bubble forming by photonic crystal fiber pressurization during fusion splicing
Favero et al. fabricated bubbles in PCF by pressurizing the fiber structure during splicing
(figure 4.2c) [121]. These bubbles will then act as the FP cavity. Such bubbles were
subsequently fabricated by carefully choosing the splicing conditions, not needing the
external pressurization [122].

Laser micromachining Ran et al. fabricated a FP cavity in a PCF using a 157nm ex-
cimer laser and taking advantage of silica’s strong intrinsic absorption at this wavelength
[123].

Femtosecond laser micromachining Femtosecond laser micromachining takes ad-
vantage of the properties of ultrafast lasers and their interaction with the substrates. In
conventional laser processing, reliant on continuous wave lasers or µs/ns pulsed lasers,
ablation occurs by the ejection of melted material by vapor pressure and light recoil
pressure and depends on fluid dynamics and heat transfer. In fs-laser micromachining,
the laser pulse energy is transferred to the substrate in a time scale much smaller than
heat transfer or electron-phonon coupling. This results in an instant vaporization of the
affected zone and the formation of a plasma leading to very little damage incurred by the
surrounding material. This is the reason that fs-laser micromachining has a much higher
resolution than conventional laser machining and since it does not depend on linear ab-
sorption at the laser wavelength, virtually any material can be machined. Femtosecond
laser micromachining is the only technique that can rival FIB in terms of resolution.
Rao et al. milled a 75µm-long cavity in a PCF using a near-infrared femtosecond laser
[124]. Wei et. al used a fs-laser to mill a 72µm-deep inline cavity crossing the whole
cross-section of an SMF (figure 4.2f) [125, 126]. Similarly, Ran et al. milled an air-gap
slot near a fiber-top [127]. Liao et al. created a bubble-like cavity by drilling a micro-hole
on a cleaved fiber top and then fusion splicing it [103]. They then milled additional side
channels to allow the insertion of fluids into the cavity.

Focused ion beam milling The other technique used to fabricate FP cavities is
focused ion beam and this will be the focus of this chapter. Focused ion beam milling of
FP cavities has already been reported in literature on several instances described below.

Nguyen et al., using focused ion beam, milled a rectangular hole near the cleaved
end of an SMF (figure 4.3a) [128]. They used a typical accelerating voltage of 30kV2

and a very high current of 11.5nA. They experienced a shift of their milling window
2unless otherwise noted, 30kV is the default voltage used when milling such non-conductive materials

as optical fibers.
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and attributed it to the use of a very high ion current. The milled hole was 74µm-long
and deep enough to reach the core. This is an extremely large volume to mill with FIB,
hence the large ion current necessary. This cavity was then applied for the simultaneous
measurement of temperature and water salinity.

Wieduwilt et al. chose polishing as a post-processing technique to reduce milling and
access the core (figure 4.3c) [129]. They polished a fiber top at a 3◦ angle and FIB-
milled the cavity across the whole 125µm diameter at the point where the core was at
the surface. A current of 10nA was used for coarse milling and a 1nA-beam was used
for polishing the cavity walls. They then coated the cavity walls with hafnium oxide to
improve reflectivity. The cavity was used as a refractive index sensor.

Yuan et al. FIB-milled a 25µm-long and 10µm-wide cavity in a slightly tapered,
32µm-diameter fiber (figure 4.3b) [130]. The 32µm-diameter fiber is a result of tapering
the original 125µm-diameter fiber to reduce overall milling time. They used an even
larger ion current of 20nA to mill the cavity. The milling was initiated from the side of
the fiber to allow for ejection of the milled material and reduce redeposition. A lower
3nA current was subsequently used to polish both ends of the cavity. A total milling
time of 20min was necessary. The cavity was applied as a refractive index sensor.

André et al. fabricated microwires with diameters of ∼ 15µm through the chemical
etching of structure forming fibers [26]. On these microwires, they FIB-milled indenta-
tions and totally cleaved the microwire but, in each case the FP cavities were created
between the indentation/cleave and the fiber/microwire top, essentially creating cavities
made of silica with lengths of 168µm and 1025µm. The cleaved microwire, due to its
suspended nature, was used for vibration sensing. For more information see chapter 3.

Instead of using a post-processing technique to easily access the light guiding region
with FIB, Warren-Smith et al. used an exposed-core microstructured optical fiber (ECF)
[29]. The Fabry-Perot cavities were milled directly into the core of the ECF. Two types
of cavities were milled: one where the milled cavity extends all the way through the core
and allows access to the inner holes of the ECF (34.6µm) (figure 4.4a) and a shallow
cavity that does not reach deep enough and keeps the holes intact (28.5µm) (figure
4.4b). For initial coarse milling, a 2nA current was used and then a 600pA current was
employed for polishing. The deep cavity took a total of 175min to mill. These structures
were proposed for microfluidic sensing.

More interesting is the milling of microcavities in tapered fiber tips. These can be
much smaller than in standard-diameter SMF and due to their point-like design, much
more versatile. Kou et al. attempted to mill very small cavities on TFTs with just 4.4µm
[131] and 3.5µm [132] (figure 4.3d). A spectral analysis of these cavities reveals that they
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function as modal interferometers. The free spectral range (FSR) of such a small Fabry-
Perot cavity at the analyzed wavelength (1550nm) would be in the order of 300nm, way
too large for the erbium-doped broadband source they used. Since the milled volume is
much smaller than in previous cases, a much smaller ion current was employed. Only
291pA and 288pA were used for the 4.4µm and 3.5µm cavities respectively. These are
the only cases of microcavities milled in tapered fiber tips found (besides those presented
in this thesis) and although they are treated as Fabry-Perot interferometers, they are
indeed modal interferometers.

André et al. milled microcavities in tapered fiber tips but, as opposed to those of
Kou et al., they functioned as Fabry-Perot interferometers. They fabricated silica mi-
crocavities, gap microcavities, and dual-cavity structures with a few tens of micrometers
in length [25]. For more information read this very chapter. Warren-Smith et al. milled
two, differently-sized gap cavities in the same tapered fiber tip for multiplexed sensing.
They were able to dip just one of the cavities into a liquid while the other remained in
air resulting in measurable optical path changes in only the dipped cavity while the air
cavity remained unaltered. A Fourier shift method was used to de-multiplex the two
cavities [36].

To employ such small cavities of just a few micrometers as Fabry-Perot interferom-
eters, a much smaller wavelength of light is necessary. At 1550nm, the free spectral
range of the FPI is too large to see a relevant number of fringes in the wavelength range
of a broadband source. As such, Warren-Smith et al. FIB-milled cavities with 5.0µm
and 2.8µm in tapered fibers with diameters of just 10µm but used a light source in the
visible range to characterize them [27]. This way, they were able to easily analyze the
microcavities as Fabry-Perot interferometers as opposed to Kou et al. that only managed
to see the modal interference fringes. The 2.8µm-cavity is believed to be the smallest
Fabry-Perot cavity milled with focused ion beam in optical fibers. These cavities were
employed as refractive index sensors and as polyelectrolyte layer deposition sensors.

To better understand how the microcavity structures function as interferometers, a
summarized description of low-finesse Fabry-Perot interferometers is shown in the next
section.

4.1.2 Low-finesse Fabry-Perot interferometers

Low-finesse Fabry-Perot interferometers (or cavities) are a very basic and common struc-
ture used in optical fiber sensing. Such cavities exhibit an interferometric spectrum that
results from a reflection at the first cavity interface (before the cavity) and a reflection
at the second cavity interface (after the cavity). A sensor can then be formed as a
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(a) Nguyen et al. milled a 74µm-long microcavity in
standard SMF [128].

(b) Yuan et al. milled a 25µm-long
microcavity in a 32µm-diameter ta-
per [130].

(c) Wieduwilt et al. milled a 25µm-long cavity in a polished SMF [129].

(d) Kou et al. milled microcavities with just 4.4µm [131] and 3.5µm [132] but due to their small size,
they were analyzed as modal interferometers at 1550nm and not as FPI.

Figure 4.3: These microcavities were all milled with focused ion beam.
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(a) Milling a microcavity in an exposed-core fiber is the same as any other. First the main cavity
is milled with a higher current and then the sidewalls are polished with a lower current to increase
reflectivity. This cavity crosses the whole core and allows access into the closed air-holes of the
ECF [29].

(b) A shallow cavity, where the ECF air holes are not
exposed can also be milled [29].

(c) Very small cavities of just 5.0µm and 2.8µm were
milled in a 10µm-diameter taper. These cavities were
analyzed as FPI but at a visible wavelength because the
FSR would be too large to correctly analyze them with a
broadband source at 1550nm [27].

Figure 4.4: These cavities were milled with focused ion beam as a continuation of the
work detailed in this chapter.
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small change in the cavity length or refractive index can affect the optical path differ-
ence between two different light paths. For cavities where the reflectivity is low, such
as from a glass-air interface, the system can generally be approximated by a two wave
interferometer:

I (λ0) = I1 (λ0)+ I2 (λ0)+2 ·
√

I1 (λ0) · I2 (λ0) · cos
(2π

λ0
·OPD +π

)
(4.1)

where I (λ0), I1 (λ0), and I2 (λ0) are the resulting intensity, intensity of path 1 and
intensity of path 2 respectively, λ0 is the wavelength, and OPD is the optical path
difference given by:

OPD = 2neffCav · lcavity (4.2)

where neffCav and lcavity are the refractive index of the cavity and its length respec-
tively. The phase difference φ can then be written as:

φ = 2π

λ0
·OPD = 2π

λ0
·2 ·neffCav · lcavity = 4π ·neffCav · lcavity

λ0
. (4.3)

To calculate the free spectral range of the cavity, we derive the phase with respect
to the wavelength:

∆φ

∆λ
= −

4π ·neffCavlcavity

λ2
0

and take the wavelength difference when the phase difference is equal to 2π:

∆λ = ∆φ·λ2
0

4π·neffCavlcavity

∆λ∆φ=2π = λ2
0

2·neffCavlcavity

. (4.4)

The free spectral range in wavelength can then be written as:

FSRλ0 = λ2
0

2 ·neffCavlcavity
. (4.5)

This evaluation is valid for each wavelength which then results in a channeled spec-
trum where the peaks of constructive interference are given by:

φ = m ·2π = 2π

λ0
·2 ·neffCav · lcavity ⇐⇒

⇐⇒ m ·λ0 = 2 ·neffCav · lcavity = OPD (4.6)
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When the optical path difference is an integer multiple of the wavelength, constructive
interference occurs leading to a peak in the spectrum. Or, in other words, when the
wavelength is given by:

λ0 = 2 ·neffCav · lcavity

m
(4.7)

a peak appears in the channeled spectrum.
A more complete and thorough analysis of Fabry-Perot interferometers could be

shown here but since all the cavities presented hereafter behave as two-wave interfer-
ometers there was no need. With this simple model, it is easier to understand the
underlying optical process of the cavities created and presented in this chapter.

4.1.3 Tapered fiber tips

Of the many structures that can be created using low resolution techniques, tapered fiber
tips are one of the most interesting to use as a base to work with FIB milling. They
are important optical devices without any further processing [133, 134] but the use of
focused ion beam to develop them can introduce new uses and applications. A Tapered
Fiber Tip (TFT) is a very interesting fiber optic device for sensing. It consists of a
microfiber with a taper region that takes the diameter from the standard fiber diameter
down to zero or until it breaks. The minimum diameter at the very tip depends on
the fabrication method and on each specific case but can easily be lower than a couple
of microns. It only has one input/output (figure 4.5) and since the input/output of
the fiber has a standard diameter of 125µm, connecting this device to other optical
components is an easy task. The fabrication of this device is relatively simple. Several
different techniques can be used such as chemical etching, tapering by CO2 laser heating,
tapering by filament heating, etc. When fabricating a taper by heating methods, tension
is applied until the fiber is separated into two, not necessarily equal, tips [135]. Too short
tips have very large losses due to their non-adiabaticity. This leads to coupling of light to
non-confined radiation modes. Too long tips also introduce unwanted problems related
to an intrinsic lack of stiffness. Therefore, the length of the tip is a very important factor
and must be related to the tip’s final application.

Of the several techniques, chemical etching was the one chosen to fabricate tapered
fiber tips in this work. There are two general approaches to chemical etching: selective
etching and meniscus etching. Selective etching uses variable concentrations of HF and
NH4F to etch fibers into the desired tip geometries [136]. On the other hand, meniscus
etching makes use of a protective organic solvent to form a layer above the acid. When
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500 μm

20 μm

500 nm

Figure 4.5: A tapered fiber tip has only one input/output and consists of a fiber whose
diameter goes from standard (e.g. 125µm) to zero or at least until it breaks. The
minimum diameter can easily be below 1µm.

time

Stationary tip
oil

HF

Figure 4.6: Stationary etching process where the fiber end is dipped in the oil/HF
container and etching occurs without interference. A tapered fiber tip results from the
changing meniscus.

a fiber is dipped in this solvent+acid setup a meniscus is formed at the liquid/liquid and
liquid/solid interfaces. The height of this meniscus is a function of the fiber radius. As
the etching of SiO2 is an isotropic process and the fibers are cylindrical in nature, the
radius of the fiber will decrease below the meniscus. As the radius decreases, so does
the meniscus height which results in a tip with a conical shape. The conical tip angle is
a function of the organic layer, producing cone angles that can range from 8.5◦ to 41◦

[137]. This method is simple but it does not allow for a fine control of the cone shape
and tip angle. Figure 4.6 shows three phases of the meniscus etching process.

More recently, other methods based on meniscus etching have been developed to
allow for greater control of the tip shape [138]. Different etchants, different protective
layers, applying rotation to the fiber [139], and changing the temperature [140] are just
a few among them. One other technique, also based on meniscus etching, that is used to
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time

Tip moving up

(a) Dynamic etching when the fiber is gradually moved out of the container results in longer
TFTs when compared to the stationary case.

time

Stepped tip

(b) Combining periods of moving and stationary etching, more complex TFTs can be etched.

Figure 4.7: Dynamic chemical etching allows a bigger control over the shape of the TFT
by controlling the height of the oil/acid interface relative to the fiber tip.

create tapered fiber tips is denominated dynamic chemical etching3 [137]. Here, the fiber
is moved vertically while being etched. Moving the fiber at different speeds for different
periods of time or in a stepped motion, a myriad of tip shapes can be fabricated. By
controlling the relative position between the acid level and the fiber tip, it is possible to
control the length, cone angle, and shape of the TFT. Figure 4.7 shows two examples of
dynamic chemical etching. In figure 4.7a, the tip is moved up at a constant speed which
allows for the creation of a longer tip when compared to the stationary case (figure 4.6).
In figure 4.7b, the tip is pulled out a certain length during the process, impeding the
etching in a certain region and thus creating a stepped tip where a section is of constant
diameter. The possibilities are endless when combining different speeds and etching
plans.

In this work, a slight variant of the dynamic chemical etching was employed [141].
Instead of moving the fiber to change the relative position of the solvent/acid interface

3also called dynamic meniscus etching
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Oil/acid barrier
moving down

Figure 4.8: This dynamic etching variant uses a syringe pump to control the interface
height relative to the fiber instead of moving the fiber itself.

Optical fibers

Fiber holder

Etchant container

Injection/suction
channel

Syringe pump

Figure 4.9: The dynamic etching setup shows that several fibers can be etched at once
and the syringe pump controls the height of the oil/acid interface.

and the fiber tip, a syringe pump was used to control the amount of acid inside the
container and this way control the relative position of the interface and the fiber (figure
4.8). Removing acid from the container, lowers the interface level and consequently
reduces the length of fiber inside the acid. The etching setup is shown in figure 4.9.
The syringe is connected to the bottom of a Plexiglas container and this way controls
the volume of acid in the container. 1ml of a 48% aqueous HF solution was used with
a 1ml silicon oil protective layer on top. This is the layer that, together with the acid
solution, creates the meniscus on the fiber ends. It also protects the rest of the fiber from
further etching and avoids the toxic vaporization of the HF solution. As for the fibers,
the polymer jacket was stripped off the SMF for a length of approximately 1.5cm. The
fibers were then placed on a holder with specific v-grooves and dipped into the container.
Typically 5 − 10 fibers can be etched at once. To change the etchant level, the syringe
pump sucked the acid solution with a rate between 500 and 600µl/h. After circa 45min,
the fibers were removed and rinsed successively with deionized water and ethanol. This
whole process is performed at room temperature. Figure 4.10 shows a few examples of
tapered fiber tips produced with this method.
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200 μm
(a) A ∼ 720µm-long TFT.

200 μm
(b) A ∼ 460µm-long TFT.

500 μm
(c) A stepped TFT.

Figure 4.10: Three examples of tapered fiber tips fabricated by dynamic chemical etching
show control over the size and shape of the tips.
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4.2 Fabrication of Fabry-Perot microcavities

In this section, the fabrication of microcavities in tapered fiber tips is explored. After a
brief summary of the sample preparation procedure detailed in section 2.7, the general
focused ion beam milling procedure for the milling of microcavities is explained and
shown. From there, two main types of cavities are presented: the gap cavity and the
double-slot cavity. Finally, dual cavity structures, where two of the previous cavity types
are combined, are fabricated.

The tapered fiber tips were fabricated using dynamic chemical etching as detailed in
the previous section. All the fibers used to create the tips in this work were single mode
fibers (SMF-28). After the tips were fabricated, they were glued onto an aluminum
block specifically designed for the FIB system’s holders. The glue used is a conductive
silver paint that helps reduce the charge accumulation by conducting charge into the
aluminum block and FIB holder. As glass optical fibers are electrically insulating, other
measures needed to be implemented to avoid charging of the sample and the consequent
undesirable effects that result such as beam deviation. To this effect, a thin metallic
film (50nm tantalum film) was sputtered onto the TFT (already on the FIB holder) in
order to ensure a sufficient surface conductivity. The samples were then ready to go into
the vacuum chamber and be milled.

4.2.1 General milling procedure - gap microcavity

Tapered fiber tips, due to their size and shape allow for an easy access to the light guid-
ing region of the fiber structure. This avoids the very time-consuming milling through
the whole cross-section of a standard diameter optical fiber. Nonetheless, cavities with
several tens of microns in length and several microns in depth still warrant a careful con-
sideration of the ion current to use. Using a low current (< 500pA) would allow the cre-
ation of a well defined cavity but would still take a very long time to mill (> few hours).
Using a high current (1−10nA)4 would definitely reduce the milling time. Unfortu-
nately, due to the larger spot size and worse milling resolution at higher currents, this
would lead to very rough surfaces on the cavity sidewalls and therefore bad reflections
and no optical cavity. After several tests using the wide range of currents available, a
new plan was developed for the milling of microcavities.

Initially, a high current of 1 − 3nA is employed to roughly mill the microcavity in
a short amount of time and then, a lower current (200−400pA) is used to polish the
sidewalls. The initial high current leads to rough sidewalls but an initial cavity is formed.

4The TESCAN LYRA FIB-SEM system available had a maximum ion current of 10nA.
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100 μm 20 μm

Figure 4.11: Two different SEM micrographs show examples of gap cavities. The side-
walls function as the cavity mirrors.

The dimensions of the rough milling should be slightly smaller (∼ 5−10µmsmaller) than
the intended cavity as the polishing step will also remove material making the cavity
larger. In the polishing step, the cavity size can be slightly adjusted but only to make
it larger.

Currents in excess of 3nA were found to be too high. Focusing at such high currents
is a big challenge. The focusing of the ion beam implies that it be turned on and scanned
over a section of the sample. This procedure inevitably starts milling that section of
the sample. At lower currents this may not be a problem but at such high currents, in
the time it takes to correctly focus the beam, not only will the Ta film be completely
removed but the sample itself will have suffered considerable damage. One option is to
rapidly focus the beam as well as possible without greatly damaging the surface. This in
turn leads to very large, badly defined milled structures with rounded-out corners. The
Ta-film in the surrounding sections of the sample also suffers greatly during the milling,
once again, nullifying the effects of the charge dissipation.

The gap cavity is based on a simple gap milled into a tapered fiber tip. The purpose
of this gap is that it can be filled with the external medium and thus be sensitive to it.
The surrounding medium, be it in gaseous or liquid form, fills the gap and changes the
light propagation conditions. Some examples of gap cavities milled in TFTs are shown
in figure 4.11. The optimized process of milling such cavities is detailed next. The
procedure to mill other types of cavities follows the same guidelines as detailed below
with minor differences.

An example of the milling procedure is shown in figure 4.12 with a final structure
shown in figure 4.13. Initially the tantalum-coated TFT is inserted in the chamber and
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the FIB is focused at the point where the milling is intended (figure 4.12a)5. With
a high current, the beam scans successive planes, parallel to the plane of the paper,
into the TFT structure (figure 4.12b). Figure 4.14a shows a schematic of the scanning
orientation.

The milling successively removes material from the TFT. Since the top part is thinner
than the central section (due to the almost cylindrical nature of the section of TFT)
this will be removed first giving the impression that the milling is being done from the
top down. Figure 4.12c shows a point in time, during the milling, where the cavity is
almost milled through except at the thickest section near the central part of the TFT
cross-section. After the milling is complete, the bottom of the cavity is very well defined
and flat but the sidewalls (the most important part of the optical cavity) are very rough
mainly due to the redeposition of milled material from the cavity interior (figure 4.12d).

A lower current is then selected and the left sidewall is polished into a flat surface
(figure 4.12e). Here, a different milling procedure is used as explained in figure 4.14b.
The polishing program scans successive planes parallel to the desired polished surface.
The scanning of these planes is always with the incident ion beam parallel to the surface
to be polished. This means that the ions will never be incident on the final polished
surface as they will always be tangential. Figure 4.14b better explains this polishing
method.

The same is then done on the other sidewall resulting in a final structure shown
in figure 4.12f. Analyzing figure 4.12f, a roughening of the previously flat, cavity floor
surface6 is visible. This is a result of the redeposition of some material resultant from
the polishing of the sidewalls. It can be polished off using the same procedure but some
material will inevitably be redeposited on the sidewalls. A long, iterative process would
eventually lead to very smooth cavity sidewalls and floor but since the most optically
relevant feature of the cavity are the sidewalls, once these are well polished and providing
the cavity floor is visually acceptable, then the process is stopped and the microcavity
is finalized.

Many times, the TFTs are not sharp at the very tip and the reflections there are
significant and non-uniform due to its roughness. One way to correct this is to sharpen
the tip of the TFT before or after milling the cavity. Figure 4.15 shows the schematic of
the sharpening process. Basically, the tip is polished at a grazing angle on two sides as

5The SEM and FIB micrographs shown in this chapter have a perpendicular orientation relative to
the FIB direction. Unless otherwise stated, the FIB is perpendicular to the plane of the paper with the
ions flowing into the plane of the paper. This helps better understand the micrographs and schematic
figures.

6For the sake of clarity, the cavity wall that is parallel to the direction of light and fiber will be
henceforth called the cavity floor.
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50 μm

(a) The focused ion beam is focused on the section
of TFT that is to be milled.

50 μm

(b) With a high current (1−3nA), the cavity is
milled by scanning sucessive planes paralel to the
plane of this sheet, into the TFT structure itself.

50 μm

(c) As the milling progresses, the thinnest section
of TFT (near the edge), gets completely milled
through much faster than the section close to the
center.

50 μm

(d) After this initial high current milling is com-
plete, the base of the cavity is flat and clean but
the sidewalls are very rough mainly due to rede-
position.

50 μm

(e) At a lower current (200−400pA), the left
sidewall is polished into a flat, clean surface. This
makes use of the polishing feature of the FIB sys-
tem shown in figure 4.14b.

50 μm

(f) After the right sidewall is also polished, the
cavity is complete.

Figure 4.12: The process of milling a gap cavity in a tapered fiber tip involves switching
from a high current coarse milling to a low current polishing to obtain the desired
structure with optically useful sidewalls. The exact length of the cavity can be tailored
in the last polishing step by polishing more or less material.
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200 μm 100 μm

Figure 4.13: The final structures show the dimension of the cavity comparatively to the
diameter of the SMF.

(a) This milling procedure is the one generally used for coarse milling. The focused ion beam is
scanned plane by plane into the structure. Its equivalent representation is a simple rectangle.

(b) This milling procedure is called polishing as the final
plane to the left (in this case) will be a very clean and
smooth surface. The equivalent representation is shown on
the right.

Figure 4.14: Milling with focused ion beam can be done in several ways. These here are
the ones used for coarse milling and for polishing.
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100 μm100 μm100 μm

Figure 4.15: The sharpening process involves polishing the very tip on two sides to
reduce reflections to a minimum.

10 μm

(a) The TFT has a rough tip with a large diam-
eter.

100 μm

(b) The TFT was sharpened on just one side.

Figure 4.16: Sharpening a TFT on just one side can be preferential when the tip has a
large diameter.

to obtain a sharp tip that does not reflect directly back in the direction of propagation.
It is also possible to sharpen the tip on just one side to eliminate backreflections. This
is sometimes the better option, especially if the diameter at the tip is large (figure 4.16).

4.2.2 Double-slot microcavity

The double-slot cavity is a different type of cavity. This structure consists in two thin
slots milled into a tapered fiber tip (figure 4.17). The slots work as mirrors effectively
creating a silica cavity between both slots. Ideally, the slots should be as small as
possible in order to not create additional gap cavities. What limits the minimum size
of these slots is the FIB milling procedure. Very thin slots result in very high aspect
ratio structures which are increasingly hard to fabricate, the thinner they are. The
main problem with fabricating high aspect ratio slots is redeposition. What happens
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is that the milled material has very little space to escape the slot and consequently
redeposits on the walls of the slot itself. This results on successive remilling of the same
material making it impossible to create the slots. Through testing of different sized
slots, the smallest thickness that provided uniform slots milled through to the other
side was found to be 2µm. The redeposition of material inside the slots during milling
also negates any attempt by the software to determine the necessary milling time. As a
consequence of this, successive milling and checking the result by imaging is necessary
throughout the whole process. As in the previous case, the TFTs can be sharpened to
reduce reflections at the tip.

This successive remilling of the slot can lead to longer milling times in the same spot
which in turn leads to a higher roughness of the sidewalls. Figure 4.18 shows exactly
that. In the FIB micrograph we can see not only a rough and rounded right sidewall but
also, in black, the region where the tantalum film was completely removed. This does
not mean that the slot will not work as intended (as a mirror), it is just an indication
that the surface is rough where the focused ion beam first hits (closest to the viewer).

At first glance, one might wonder why the cavities are not milled at the center of the
tapered fiber tip instead of on the side. This would theoretically result in more symmet-
rical and robust cavities. It is true that the cavities would be more symmetrical relative
to the core and more robust as they would not have cleaving points at the interfaces.
What makes these inner cavities harder to fabricate is the FIB milling procedure. When
milling inner cavities, redeposition becomes an even bigger problem. Without a side es-
cape route for the milled material, the only escape is the counter-propagating direction
of the ion beam itself. This serious reduction in the solid angle that the milled material
can escape to, severely limits the quality of the milled structures. Even after milling
the cavity through and through, polishing is still an issue, again due to redeposition.
Distortion of these cavities is also problematic as seen in figure 4.19. These are the
reasons why inner cavities were not pursued further. I believe that with patience and
craftsmanship, an optimized procedure for the milling of such cavities can be developed
if the target application so requires.

4.3 Microcavity analysis

The previous section focused on the fabrication of microcavity structures on tapered
fiber tips but did not look into optical aspects of such cavities. In this section, we will
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20 μm 20 μm

200 μm

100 μm

Unmilled TFT

Milling schematic

Milled slots

Double slot structure

Figure 4.17: Two, thin slots were fabricated to create a cavity between them. The
milling procedure is the same as the gap cavity explained before but, no polishing is
necessary because a low current is used. There is no need for a high current because the
milled volume is small when compared to the gap cavity.
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50 μm

Figure 4.18: This double-slot structure has a rough and rounded corner on one of the
slots. This results from the remilling necessary to produce the slot. The black region
surrounding the slot is the absence of tantalum coating that was milled away during the
process.

50 μm 10 μm

(a) Inner gap cavities can be milled despite taking much longer and redeposition being
a larger problem to contend with.

10 μm 5 μm

(b) In this inner double-slot cavity, distortion occurs at the edges. Since the material
has much less space to escape from, creating such high aspect ratio structures becomes
more challenging than the side-opened slots.

Figure 4.19: Inner cavities can be milled but require longer milling times and more
careful planning.
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100 μm 100 μm

53 μm82 μm

135 μm

(a) SEM micrographs show the gap cavity before and after sharpening the tip.

20 μm 20 μm

50 μm30 μm
80 μm

(b) SEM micrographs show the double-slot cavity before and after sharpening the tip.

Figure 4.20: Both cavities have similar physical lengths but one is filled with the sur-
rounding medium and the other is made of silica.

select a structure of each type of cavity, characterize them optically, and analyze their
potential as sensors. Both a gap and a double-slot silica cavity will be spectrally analyzed
before and after sharpening. A dual cavity will also be analyzed and characterized as a
temperature and refractive index sensor.

4.3.1 Gap cavity vs double-slot silica cavity

The gap cavity and the double-slot cavity have many differences but also many sim-
ilarities. The two cavities on which we will focus in this section are shown in figure
4.20. The gap cavity has an approximate length of 53µm and the double-slot cavity has
a separation of 50µm between slots. The two structures were fabricated in two steps:
first, the main structure, such as the air-gap and the slots, was created and then the tip
was sharpened to reduce reflections. FIB was used to mill the very tip of the structures
into a sharp, pointy tip to avoid back reflections. Figure 4.20 also shows the tips of both
structures before they were sharpened.

Optical characterization

The milled structures shown in figure 4.20 were spectrally analyzed using a simple reflec-
tion setup with a supercontinuum source (Fianium WL-SC-400-2), an optical circulator,
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Figure 4.21: The optical setup is comprised of a supercontinuum source, an optical
circulator, and an optical spectrum analyzer. It is used to read the probes in reflection.

and an optical spectrum analyzer (ANDO AQ6315), before and after sharpening the tip
(figure 4.21).

The spectra before (figure 4.22a top) and after (figure 4.22a bottom) sharpening and
the respective fast Fourier transforms (FFTs) (figure 4.22b) for the gap structure are
shown. In order to use this Fourier method, it is important to note that the fringe
spacing in the interference pattern should be uniform so that a single, sharp peak (for
each cavity) is formed in the FFT power spectrum. However, when measured relative to
optical wavelength, the free spectral range is wavelength-dependent as seen in equation
4.5. Therefore, before performing the FFTs, the wavelength data was converted to
optical frequency because the free spectral range is uniform in optical frequency and not
wavelength/frequency-dependent. The free spectral range in optical frequency (FSRν)
can be given by:

FSRν = c

2 ·neffCavlcavity
(4.8)

where c, neffCav, and lcavity are the speed of light in vacuum, the effective refractive
index of the cavity, and its length respectively.

Before sharpening, three different cavities are visible, either in the complex spectrum
(figure 4.22a) or by the three peaks visible in the FFT (figure 4.22b). The first peak, seen
in both graphs of figure 4.22b, relates to the 53µm-long air-gap (figure 4.23a). The sec-
ond peak (82µm×1.444 ≈ 118µm) corresponds to the silica cavity between the second
interface and the tip, and the third peak (82µm×1.444+53µm ≈ 171µm) comes from
the first interface and the tip. After sharpening, the reflection at the tip disappears and
with it the two cavities relying on this reflection, leaving a clean spectrum (figure 4.22a
bottom) with a sole peak in the Fourier transform (figure 4.22b bottom). Sharpening
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the tip effectively eliminates the inherent reflection caused by an imperfect or broken
tip (figure 4.23b).

Estimating the losses of such a structure, from equation 4.1 one should have a max-
imum of 4 times the reflectivity of a cleaved glass-air interface assuming the reflected
intensity from each interface is the same. Looking at 4.22a bottom, one has almost
half of that. This amounts to a 3dB loss due to cavity imperfections from FIB milling
(surface angle, surface roughness), the Ta-film, and taper losses.

For the double-slot silica cavity show in figure 4.20b, three peaks are present before
sharpening, due to the three cavities, mostly in silica, between the first and second slot
and the tip (figure 4.24b top). These cavities are shown schematically in figure 4.25a.
After sharpening the tip, only the cavity between the two slots remains, shown by the
sole peak in the FFT (figure 4.24b bottom). The spectrum from the sharpened structure
(figure 4.24a bottom) shows a low frequency component, indicated by the low visibility
at longer wavelengths. This is a result of the 2µm-long slots. The peaks are not present
in the Fourier transform (figure 4.24b) as the length is too small and is masked by the
peak at 0 cavity length.

Temperature and refractive index characterization

Analyzing both structures’ response to temperature variations between 300◦C and 1000◦C,
two very different responses are obtained (figure 4.26). The double-slot cavity is rela-
tively more temperature sensitive (17.9pm/K) compared to the gap cavity, which is
essentially insensitive to temperature (0.17pm/K). The reason behind this difference is
readily perceived from the analysis of the cavity structures. The double-slot cavity is a
silica cavity and thus the sensitivity can be given by:

∆λDS
0

∆T
= λ0

(
αSilica

T O +αSilica
T E

)
(4.9)

where αSilica
T O is the thermo-optic coefficient of silica

(
8.6×10−6 K−1

)
[102] and αSilica

T E

is the coefficient of thermal expansion of silica
(
0.55×10−6 K−1

)
[103]. This means that

the main contribution to the thermal sensitivity is due to the change in refractive index
of silica with temperature. On the other hand, for the gap structure, sensitivity can be
described as follows:

∆λGap
0

∆T
= λ0

(
αAir

T O +αSilica
T E

)
(4.10)

where αAir
T O is the thermo-optic coefficient of air

(
−0.9×10−6 K−1

)
and αSilica

T E is the
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(b) The fast Fourier transforms, before and after sharpening, show the disap-
pearance of two longer cavities after the structure is sharpened.

Figure 4.22: Spectral analysis of the gap cavity when in air, before and after sharpening
the tip, shows the existence of a 53µm main cavity. Two other longer cavities only
appear before sharpening and result from reflections at the rough tip.



96 Tapered fiber tip Fabry-Perot probes

Peak I (53 μm)

Peak II (118 μm)

Peak III (171 μm)

Gap Cavity
Before Sharpening

(a) Schematic of the three cavities formed in a gap structure before the tip is sharp-
ened.

Peak I (53 μm)
Gap Cavity

After Sharpening

(b) Schematic of the gap cavity after the tip is sharpened and that reflection removed.

Figure 4.23: Sharpening the tip of the gap cavity probe effectively eliminates the re-
flection at the tip and reduces the optical cavities from three to just one. The peaks
indicated correspond to the FFT peaks seen in figure 4.22b.

coefficient of thermal expansion of silica
(
0.55×10−6 K−1

)
. The thermo-optic coefficient

of air is not only one order of magnitude smaller than that of silica, but also of opposite
sign. Here, the thermo-optic coefficient of air is employed because light travels through
the air gap yet expansion still occurs in the silica below the air gap. Theoretically, this
would lead to sensitivities of 14.2pm/K at 1550nm for the double-slot silica cavity and
−0.54pm/K for the air-gap cavity. The double-slot cavity sensitivity is similar to the
predicted one (predicted value: 14.2pm/K vs. measured value: 17.9pm/K) and for the
air-gap cavity, both predicted and calculated sensitivities are negligible (predicted value:
−0.54pm/K vs. measured value: 0.17pm/K).

To study the response of the cavities to changes in the refractive index of the sur-
rounding medium, both the gap structure and the double-slot structure were dipped in
ethanol. In figure 4.27, the FFTs of the spectra in air and in ethanol are compared.
For the gap cavity, the FFT peak that initially presents itself at 53µm shifts to 72µm
(53µm×1.352 ≈ 71.7µm) due to the fact that the cavity is no longer filled with air but
with ethanol. For the double-slot structure, the FFT peak does not shift when dipped in
ethanol. This occurs because the cavity is entirely in silica and dipping the tip in ethanol
will not change the refractive index of the cavity. One other consequence of dipping the
tips in ethanol is that the magnitude of the FFT peak decreases by approximately 16
times. This results from the fact that the refractive index difference when the structures
are dipped in ethanol becomes much smaller and consequently the reflectivity at each



4.3 Microcavity analysis 97

0.0

0.1

0.2

0.3

0.4

0.5

1300 1400 1500 1600 1700
0.0

0.1

0.2

0.3

Before 
sharpening

After
sharpening

N
o
rm

al
iz

ed
 O

p
ti

ca
l 
Po

w
er

 (
a.

u
)

Double Slot Cavity Spectra

Wavelength (nm)

(a) The spectrum of the double-slot cavity structure becomes a cleaner spectrum
after sharpening the tip. Basically a two-wave interferometer modulated by a
third wave of a much lower frequency that arises from the very small, 2µm-slots.

0

1000

2000

3000

0 50 100 150 200 250 300
0

1000

2000

3000

FF
T

 M
ag

n
it

u
d
e 

(a
.u

.)

Cavity Length assuming n=1.444 (µm)

Double Slot Cavity Fast Fourier Transforms

Before 
sharpening

After
sharpening

52 µm 

52 µm 

31 µm 

83 µm 

(b) The FFTs show the reduction of the three cavity (three peak) system to a
single cavity (single peak). The only cavity that remains after sharpening is the
one formed between both slots.

Figure 4.24: The spectral analysis of the double-slot cavity spectra before and after
sharpening the tip shows the elimination of the two cavities that rely on the reflection at
the very tip. The only cavity that remains after sharpening is the one formed between
both slots.
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Peak I (31 μm)

Peak II (52 μm)

Peak III (83 μm)

Double Slot Cavity
Before Sharpening

(a) Schematic of the three cavities formed in a double-slot structure before the tip is
sharpened.

Peak I (52 μm)
Double Slot Cavity

After Sharpening

(b) Schematic of the double-slot cavity after the tip is sharpened and that reflection
removed.

Figure 4.25: Sharpening the tip of the double-slot cavity probe effectively eliminates the
reflection at the tip and reduces the optical cavities from three to just one. The peaks
indicated correspond to the FFT peaks seen in figure 4.24b.
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Figure 4.26: The temperature characterization of the gap and double-slot cavities shows
very distinct sensitivities. The gap cavity has a negligible temperature sensitivity and
the double-slot cavity has a much higher sensitivity, in line with temperature sensitivities
of silica Fabry-Perot cavities. Both cavities easily withstand temperatures in excess of
1000◦C.
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(b) The FFTs of the double-slot cavity spectra
when in air or ethanol show no shift in the FFT
peak because the cavity is made of silica and not
filled with the surrounding medium.

Figure 4.27: This Fourier analysis shows that the gap cavity can be used for refractive
index sensing while the double-slot cavity is essentially insensitive to refractive index
variations when considering optical cavity length variations.

interface decreases.
These very different responses to temperature and external refractive index from

both types of cavities can be explored by performing simultaneous measurement of
temperature and other parameters. While a silica cavity is essentially only sensitive to
temperature, the gap cavity can be used for simple refractive index sensing or could be
chemically functionalized for performing bio-assays.

4.3.2 Dual-cavity structure

Both cavities shown in the previous section, gap cavity and double-slot silica cavity, have
their advantages and the Fourier analysis has shown to be efficient in distinguishing be-
tween several cavities on the same tapered fiber tip. Therefore, a structure incorporating
both concepts of gap cavity and double-slot silica cavity can be created. An example
of such a dual-cavity is shown in figure 4.28 where a gap cavity was initially milled in
a sharp-pointed TFT and then, that sharp tip was milled off and polished creating an
intentional additional reflecting surface. This results in two sections, one 55µm-long in
air and one 65µm-long in silica.



100 Tapered fiber tip Fabry-Perot probes

Before
polishing

100 μm

100 μm

After
polishing

Figure 4.28: The dual cavity structure consists of a gap cavity and a silica cavity. The
silica cavity is created by polishing the tip into a reflecting surface perpendicular to the
direction of propagation of light.

Optical characterization

Looking at the fast Fourier transforms of the spectra of both these structures when in
air (n = 1.000) or immersed in isopropanol (n = 1.373) several peaks can be observed
(figure 4.29). In this case, the FFTs are represented in terms of overall optical path
difference because the light path towards the tip is not always the same when light
comes back (figure 4.30). The first peak at 110µm in air (2×55µm×1.000) and at
151µm in isopropanol (2×55µm×1.373) originates in the milled cavity. This peak
shifts due to the change in refractive index when the tip is immersed in isopropanol
(151−110 = 41µm). The exact same shift occurs for the third peak in air at 297.8µm
[2× (55µm×1.000+65µm×1.444)]; leading to a peak at 338.6µm [2×(55µm×1.373+
65µm×1.444)] in isopropanol.

However, the second peak, at 187.7µm (2×65µm×1.444), does not shift when im-
mersed in isopropanol because this cavity is entirely in silica. From this, one can deduce
that two of the cavities (FFT peaks 1 and 2) that are present, are independent or almost
independent when it comes to temperature and refractive index. A third cavity (FFT
peak 3) is the sum of the other two cavities, thus being responsive to temperature and
refractive index of the surrounding medium.

Temperature and refractive index characterization

To demonstrate simultaneous measurement of temperature and refractive index, tests
with variations of temperature in air and in water were performed. The use of water here
was due to the higher relevance of water when compared to isopropanol for potential
applications in biosensing. To fully understand the response of each cavity individu-
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Figure 4.29: Fast Fourier transforms of the dual-cavity structure spectra (top) before
polishing the tip into a mirror and (bottom) after polishing and creating the final struc-
ture.

Peak I

Peak II

Peak III

Dual cavity
after polishing

Figure 4.30: The dual-cavity structure actually presents three cavities and thus three
FFT peaks. Besides the gap cavity and the silica cavity, a third cavity is formed from
the sum of these two.
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ally, a processing of the spectral signals was necessary. First, a fast Fourier transform
of the original spectrum was performed. A band pass filter was then applied, where
each individual FFT peak was filtered and the signal of each was then converted back
into wavelength. With these clean spectra from each FFT peak, the spectral shift was
monitored when temperature changes were applied. In figure 4.31, the shifts of the re-
constructed spectra for each FFT peak are shown when the surrounding air temperature
is changed from 40◦C to 140◦C. Peak 1, that corresponds to the air-gap cavity has a
very low sensitivity (−0.4pm/K) as expected because, just like the air-gap cavity in sec-
tion 4.3.1, this cavity’s sensitivity is given by equation 4.10. Peak 2, corresponding to
an all-silica cavity, similar to the double-slot cavity of section 4.3.1, has a sensitivity of
−15.8pm/K. Peak 3, that derives from a cavity that encompasses both of the previous
ones’ results has an intermediate sensitivity of −9.6pm/K. It is possible to compare
this value with a value obtained from the weighed average of the other two sensitivities.
This average is weighed relative to the optical path length of each cavity. Using equation
4.11, derived from the accumulated phase difference, one can estimate the sensitivity of
the peak 3 cavity to be −10.1pm/K (see equation 4.12), which is in accordance with the
experimentally calculated value.

(
dλ

dT

)
P eak3

= OPLP eak1
OPLT otal

(
dλ

dT

)
P eak1

+ OPLP eak2
OPLT otal

(
dλ

dT

)
P eak2

(4.11)

(
dλ

dT

)
P eak3

= 55µm×1.0× (−0.4pm/K)
55µm×1.0+65µm×1.444 (4.12)

+65µm×1.444× (−15.8pm/K)
55µm×1.0+65µm×1.444

= −10.1pm/K

This shows that the response of the large cavity (FFT peak 3) is the sum of the
responses of each of the two smaller cavities (FFT peaks 1 and 2), as expected (estimated
sensitivity: −10.1pm/K vs. measured sensitivity: −9.6pm/K).

The same temperature analysis was performed in water: the same sensor was dipped
in water whose temperature was changed between 25◦C and 95◦C (figure 4.32). A
similar situation occurs but now the gap cavity is filled with water, which has a very
different thermo-optic coefficient. The index variation of water with temperature is non-
linear, which leads to data in figure 4.32 that is clearly non-linear for the peaks that
include the water cavity (Peak 1 and Peak 3). Since the thermo-optic coefficient of water
is much higher than that of air and silica, the shifts of the spectra relative to the water
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Figure 4.31: All three cavities of this structure have different temperature responses
in air. The gap cavity (peak 1) is basically insensitive, the silica cavity (peak 2) has
a sensitivity in line with other FP cavities, and the third cavity has a sensitivity that
corresponds to the weighed average of the other two cavities with respect to optical path
length.

cavity are now much larger than those of the silica cavity. This explains the much higher
sensitivity of spectra related to FFT Peak 1.

This temperature sensitivity presented as is, is only valid in water but knowing
the thermal variation of the index of refraction of water allows the determination of
the refractive index sensitivity of this cavity [142]. Subtracting the almost negligible
contribution of the thermal expansion of silica and converting the temperature of water
into the respective refractive index, one can obtain the values shown in figure 4.33.
Performing a linear fit of the data, a sensitivity of −1316nm/RIU is obtained with a
coefficient of determination R2 = 0.9998.

The sensitivity of a Fabry-Perot cavity should be equal to λ/n, which can be de-
rived from equation 4.1. This is approximately 1180nm/RIU at a wavelength of 1550nm
and a refractive index of 1.318 (water at 1550nm). This is generally in agreement with
experimentally observed results in literature (table 4.2), and is close to the measured sen-
sitivity in our work. Furthermore, measurements to determine the minimum detection
limit were performed. The spectral variation during 1 hour was recorded with the struc-
ture immersed in water. This led to variations of ±0.67nm (considering three standard
deviations) which in turn leads to a refractive index detection limit of 1.0 × 10−3 RIU
for a single spectral scan.

This results in a structure with two physical cavities, one where the influence of
temperature is negligible (and easily compensated), but the refractive index can be
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Figure 4.32: All three cavities of this structure have different temperature responses in
water. The gap cavity (peak 1) is very sensitive, the silica cavity (peak 2) has a low
sensitivity, and the third cavity has a sensitivity that corresponds to the weighed average
of the other two cavities with respect to optical path length.
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Figure 4.33: The dual-cavity, more specifically the gap cavity (peak 1), shows a high
sensitivity to refractive index in the range [1.309−1.321].
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Table 4.2: Comparison of Fabry-Perot cavity sensitivities milled with FIB and femtosec-
ond laser.

Configuration Sensitivity @ 1550nm RI range Ref.

fs-laser-milled FP cavity
in SMF 1163nm/RIU 1.33 [126]

fs-laser-milled FP
microchannel in SMF 994nm/RIU 1.31−1.39 [103]

FIB-milled FP cavity in
32µm tapered fiber 1731nm/RIU 1.3 [130]

FIB-milled FP cavity in
polished fiber 1150nm/RIU 1.3 [129]

This work 1316nm/RIU 1.309−1.321 [25]

measured, and one sensitive to temperature changes where refractive index changes in
the external medium have little effect. Taking this into account and performing the
appropriate calibration it is possible to use two different FFT peaks (corresponding
to two different cavities) as they have such distinct responses. These structures can
be reproduced within the resolution limits of the focused-ion beam milling process (less
than 100nm), allowing sensors with nominally the same properties to be obtained. While
there are subtle variations in the spectrum between samples, Fourier analysis techniques
allow the optical path length of the cavity to be extracted from the spectrum and the
sensitivity to temperature and refractive index can be calibrated from this.

4.4 Discussion and final remarks

Milling microcavities in tapered fiber tips using focused ion beam was the main objective
of this chapter. To do this, tapered fiber tips were prepared using dynamic chemical
etching. It was shown that dynamic chemical etching allows for a great control of
the TFT shape, length, and tip angle. On these TFTs, two different types of cavities
were initially milled: the gap cavity and the double-slot silica cavity. Both cavities
functioned and were analyzed as Fabry-Perot interferometers. The gap cavity, a cavity
intrinsically filled with the surrounding environment, was shown to be almost insensitive
to temperature yet sensitive to the refractive index of the fluid it is inserted in. The
double-slot silica cavity, as the name implies, is made of silica and is thus insensitive to
changes in the external medium’s refractive index, yet sensitive to temperature.
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Both cavity types were then combined on a single TFT structure that can be used to
measure temperature and refractive index, simultaneously. Such a dual-cavity structure
was fabricated with a total length of 110µm and a maximum sensing region diameter of
25µm. These structures showed spectra where three interferometers are present resulting
from three cavities formed by the top and the mirror surfaces of the gap. These three
cavities present distinct sensitivities to temperature and refractive index, with respective
sensitivities of −15.8pm/K and −1316nm/RIU.

The aim of the work here presented was to fabricate tapered fiber tip probes enhanced
with FP microcavities at their very tip. This was achieved with milled cavities around
50µm and a total length of the sensing region of 100µm. It was also shown they can be
fabricated with much smaller dimensions [27] at the cost of operating at a much smaller
wavelength. TFT-FP structures sensitive to refractive index with integrated temperature
compensation by use of a secondary silica cavity were shown. Such structures are prime
candidates for optogenetics research. They are built on the TFTs that are already
used in optogenetics leading to an easy integration with existing optrodes. Tests with
these cavities are currently being performed by colleagues and structures like the ones
presented here are being tested in-vivo for brain activity monitoring in rats (see appendix
A).

The high degree of control that focused ion beam showed in the fabrication of micro-
cavities attests to the potential this technology has for the fabrication of microprobes
for optogenetics and other fields of research.



Chapter 5

Fiber Bragg microgratings

In the previous chapters, we discussed the fabrication of Fabry-Perot cavities in mi-
crowires and tapered fiber tips. These structures, however challenging to create, still
had a simple design inherent to the definition of cavity itself. The smallest details milled
with focused ion beam nevertheless possessed dimensions with a few tens of microns. In
this chapter, we take a further step towards smaller and more detailed structures. We
will focus on the fabrication of fiber Bragg microgratings. This is a natural next step
in the fabrication of optical fiber devices with focused ion beam. It is also crucial in
answering the questions posed at the beginning of this dissertation. Whether FIB can
be viably used to fabricate gratings and whether the system available is adequate or not,
are questions that still require an answer. The determination of the system’s limitations
and an inquiry into the need for a new, more advanced system are further pursued in
this chapter.

At first, a review of the relevant works on micrograting fabrication with focused ion
beam will be presented with the aim of better understanding what has been achieved in
the field. Then, the focus will shift to the fabrication of microgratings and the viability of
fabricating them on both microwires and tapered fiber tips. Encountered challenges and
proposed solutions are explored and examples of successful and failed microgratings are
shown. Finally, two microgratings are chosen to show the potential of such structures in
the sensing of both refractive index and temperature. The work detailed in this chapter
will lead to the conclusion that the FIB system available is not ideal for the fabrication
of microgratings but they can nonetheless be fabricated.
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5.1 Introduction

Fiber Bragg gratings (FBG) have been one of the greatest achievements of optical fiber
sensing technology. They are the most successful optical fiber point sensor whether
scientifically or commercially [143]. FBGs are periodic refractive index modulations
along an optical fiber that result in the preferential reflection of particular wavelengths
of light while the rest are transmitted. The discovery of photosensitivity in optical fibers
in 1978 by Hill et al. [144] and the possibility of inscribing Bragg gratings in optical fiber
through UV interferometry [145] led to fiber Bragg gratings as we know them. It was
only in 1993 that they started to have a greater impact on the scientific community
with their fabrication by a phase-mask technique [146]. Since then, FBGs have been
used as sensing elements for a wide range of parameters such as temperature, strain,
acceleration, refractive index, and rotation. Since their inception, FBGs have mostly
been fabricated by modulating the core index of the fibers through one of two methods:
inteferometric and point-by-point. Interferometric methods generally use a phase-mask
and a UV or femtosecond laser while point-by-point inscription makes use of femtosecond
lasers.

However, in the great push towards the nanoscale, FBGs that were once considered
point sensors are now huge when compared to the systems we now need to apply them
in. Creating Bragg gratings on standard diameter fibers by the usual core index modu-
lation is certainly the easiest method. But, the diameter of typical fiber Bragg grating
structures is that of the standard single-mode fibers (125µm) and is still very large when
compared to the need of applications at the micro- and nanoscale. This is one of the
reasons microwires, nanowires,1 and other similarly sized fiber structures like tapered
fiber tips have been attracting attention. They possess the desired micro and nanoscale,
have large evanescent fields, strong confinement, and low losses all while retaining the
properties of optical fibers. The most common way to create a grating on a microwire
is to inscribe an FBG in a standard Ge-doped core fiber (SMF) and then chemically
etch the whole structure in hydrofluoric acid [147–149]. Liang et al. fabricated a 2.5mm
grating on an SMF by using a KrF excimer laser and an amplitude phase mask and they
then etched the fiber in a hydrofluoric (HF) acid solution down to a diameter of 6µm
[147]. Care is needed when etching close to the Ge-doped core as the etching speed is
higher in the doped region. Generally, a lower concentration HF solution is used to slow
down the etching process when nearing the core. This process is widely used to create
microfibers and tapers and its application to FBGs is a fairly straightforward step.

1Also referred to in the scientific community as microfibers and nanofibers.
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Fiber Bragg gratings in microwires can also be created the other way around, i.e.
by tapering or drawing 125µm-fibers down to microwire diameters and then inscribing
the FBG. The FBGs can be inscribed by various methods. A convenient way explores
the traditional UV light exposure and phase mask technique, which is compatible with
existing inscription methods. Hydrogen loading can be used to compensate for the loss of
photosensitivity resultant from tapering the Ge-doped core down to very small diameters
[150, 151]. A KrF excimer laser can then be used in a traditional phase-mask setup. It
is also possible to avoid hydrogen loading by using fibers that have a larger core and
higher concentration of the Ge dopant than standard fibers and thus, compensate for
the smaller photosensitive cross-section that would result from the tapering/drawing
process [152]. A femtosecond laser can also be used to create an index modulation and
here, most fibers without photosensitivity can be used. Fang et al. produced 4mm-long
FBGs on microfibers with diameters of 2 − 10µm fabricated using the flame-brushing
technique [153]. A Ti:sapphire femtosecond laser was used in combination with a phase
mask.

The methods just mentioned allow the fabrication of much thinner gratings but the
index modulation remains the same as in standard diameter fibers, resulting in lengths
of the same order of magnitude. This means that due to the weak index modulation(
∆nmod ∼ 10−4 −10−3

)
, a length of at least several millimeters is necessary for a Bragg

grating. To reduce this length, a stronger modulation is necessary
(
∆nmod > 10−1

)
and

the need for structural gratings arises. Structural gratings can be produced by creating
alternate layers of two materials with a high index difference such as silica and air.
These gratings can be manufactured through several techniques such as femtosecond
laser ablation and focused ion beam milling. Both techniques allow the removal of
material from the optical fiber but their use on standard optical fiber would prove very
difficult as it would be necessary to remove large quantities of material just to access the
fiber core, where light propagates. To reach the light guiding section, one would have
to mill 60µm-deep slices with just a few hundred nanometers of width, which would
amount to an impossible to achieve aspect ratio. Therefore, a preprocessing of the
fiber is necessary to create an intermediate structure on which it is possible to fabricate
microgratings. These intermediate structures lead us back to the use of microwires
and tapered fiber tips. On such microwires, the problems of large volume removal and
impossibly high aspect ratios no longer exist as only small quantities need to be removed
to create a grating.

Femtosecond laser ablation is a technique that has been employed to fabricate peri-
odic holes in microfibers to create microgratings. Zhao et al. used a phase mask and a
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cylindrical lens to focus the laser beam onto the surface of microwires with diameters of
∼ 3µm [154]. Periodic holes with diameters of ∼ 550nm are created only where the laser
intensity is beyond the ablation threshold. This explains why the resolution of fs-laser
micromachining goes beyond the diffraction limit. Nayak et al. also created micrograt-
ings using a similar setup but they used the fiber itself as a cylindrical lens [155]. This
resulted in holes milled on the shadow surface of the nanofiber (Ø ∼ 450−650nm).

The other technique, focused ion beam milling, seems to be uniquely suited for the
task of milling microgratings on microwires and similarly sized microstructures [156–163].
In this context, a push towards the fabrication of short and thin FBGs in microwires
and tapered fiber tips (henceforth referred to as microgratings) has been ongoing in the
scientific community. Focused ion beam milling uses a focused beam of ions, generally
Ga+ ions, to mill periodic nanometer-sized holes/notches in micro/nanofibers and thus
create microgratings. Prior to milling, the micro/nanofibers are properly secured to a
metallic holder or a silicon wafer, and a thin metallic film (e.g. aluminum, tantalum,
or gold) is deposited on the surface of the microfiber; all to avoid charging during FIB
milling (and SEM imaging). A FIB system2 is used to then mill the structures with a
30kV accelerating voltage and Ga+ currents that can range between 10 − 300pA. The
milling time of the gratings greatly depends on the current, the milled volume per notch,
and the number of notches but can range from a few minutes to a few hours.

Table 5.1 shows a summary of the focused ion beam milled gratings reported in
literature and figure 5.1 shows an example of each. Microgratings based on surface
corrugations [156, 158, 159, 162, 163], inner air holes [160, 161], or surface metal coatings
[157] have been demonstrated. Kou et al., using FIB, created a surface corrugation
micrograting of just 61, 600nm-periods totaling a length of 36.6µm [156]. The grating
has a corrugation depth of 200nm and was milled in a region with an approximate
radius of 3.25µm. This micrograting was characterized as a temperature sensor and
was subjected to temperature variations from room-temperature (21◦C) to 440◦C and a
mean sensitivity of approximately 20pm/K was obtained [156]. An even shorter example
is that of a micrograting with a length of 12µm, composed of just 11 indentations that
was created on a TFT [158]. Kou et al. also created a 10µm-long metal-dielectric grating
but this works as a structure to couple light into higher order modes and not as a Bragg
grating [157]. Very long microgratings (L = 518µm) with 900 periods were created by
Liu et al. making use of a very thin 1.8µm-diameter microfiber [159]. Microgratings on
nanofibers with diameters of 520nm and 560nm were milled with even smaller periods

2More common is the use of a dual-beam FIB-SEM system. This takes advantage of the SEM
capabilities to image the milling location and evaluate the milled structure without the destructive
effects of FIB.
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Table 5.1: Focused ion beam milled gratings and their properties as found in literature.

Microfiber properties Grating properties Ref.
Paper goal Type Ø (µm) L (µm) nperiods Λ (nm)

Bragg grating for
temperature sensing TFT ∼ 6.5 36.6 61 600 [156]

Metal-dielectric grating
for RI sensing TFT ∼ 6 10 17 578 [157]

Bragg grating for
temperature sensing TFT ∼ 5.4 12 11 1100 [158]

Bragg grating
for RI sensing Taper 1.8 518 900 576 [159]

Microfiber Bragg grating Taper 1.34 9.4 20 506 [160]
Cavity formed using a

phase-shift in the middle
of a grating

Taper 2.3 10.3 22 467 [161]

Nanofiber Bragg grating
inscription Taper 0.520 62.1 180 345 [162]

Nanofiber cavity
formation using Bragg

grating
Taper 0.560 21.6 60 360 [163]

This Work TFT ∼ 2.6−5.1 27 50 540 [32]
∼ 3.4−7.2 42 80

of 345 and 360nm respectively [162, 163].

Before proceeding with the description of the performed work, it is important to
contextualize this study within the lab at which I have been working - the Leibniz
Institute of Photonic Technology in Jena, Germany. The IPHT, more specifically the
Passive Fiber Modules group within the Fiber Optics Department, has a big history
of FBG fabrication. They founded FBGS, a world renown company that produces
and commercializes drawtower gratings. These gratings are produced at the facilities
available at the IPHT. Besides this capability, this group has several excimer lasers and a
fs laser for FBG inscription, either interferometric or point-by-point. Research is ongoing
on novel sensing applications, sapphire gratings, etc. In this context, a question that
arose was whether it was possible to inscribe FBGs with the FIB system present at the
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institute. The viability of producing microgratings using this system (TESCAN LYRA
FIB-SEM) had never been investigated. That is where this study comes in. It is not
simply an attempt to inscribe microgratings using FIB but mainly a study of inscribing
microgratings using the FIB system at our disposal.

5.2 Fabrication of microgratings

The fabrication of microgratings on microwires and tapered fiber tips was found to be
a non-trivial task. Many challenges arose and had to be overcome to obtain functional
fiber Bragg microgratings. Some of these challenges and how they were overcome are
detailed here. Before attempting to fabricate microgratings, a rough estimate of the
grating period is needed. Simply put, in a grating the forward and backward propagating
modes are related by

−→
βb = −→

βf +m
2π

Λ
−→
j (5.1)

where −→
βi = (2π/λ)neff,i (i = borf) is the mode propagation constant, m the diffrac-

tion order, Λ the grating period , and −→
j the unit vector along the axis. Physically,

this means that the momentum difference between forward and backward propagating
modes must be compensated by the periodical index modulation of the grating, which
for the first order results in:

(
neff,b +neff,f

)
Λ = λb. (5.2)

If we consider both modes to be identical, the common Bragg resonance condition
results:

λB = 2neff Λ. (5.3)

Since the microgratings created are initially very shallow, taking neff = nsilica is a
reasonable approximation. As we shall see, many other experimental effects and defects
will affect the Bragg wavelength and therefore a more accurate theoretical calculation
would be, in practice, inappropriate. Aiming for the C-band of telecommunications
(λB = 1550nm) we can estimate the grating periodicity needed as:

Λ = λB

2neff
≃ λB

2nSi
≃ 1550nm

2 ·1.44 ≃ 538nm. (5.4)
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(a) TFT micrograting with 61, 600nm-periods.
[156]

(b) Micrograting milled on a nanofiber with a di-
ameter of 560nm. [163]

(c) Metal-dielectric grating simply couples light
to higher order modes. [157]

(d) Bragg micrograting with just 11 indenta-
tions. [158]

(e) Micrograting with 900 shallow indentations.[159]

(f) Micrograting with a phase
shift in the middle creates a
cavity.[161]

(g) Micrograting formed
with inner air holes on a
microfiber.[160]

Figure 5.1: FIB-milled microgratings have been milled on both tapered fiber tips and
micro/nanowires.
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The first gratings were fabricated on the microwires shown and used in chapter 3.
These are suspended microwires with very low losses and diameters of approximately
15µm. Intensive testing showed that these microwires were too thick to mill gratings
on, at least with the FIB device at hand. They did however allow for an iterative
optimization process that led to better gratings when fabricated in TFTs. The following
section sums up the initial fabrication process and error detection.

5.2.1 Microwire microgratings

The microwires turned out not to be appropriate for microgratings due to their size.
Though small compared to a standard optical fiber, they were still too large to mill
efficiently. The micrograting shown in figure 5.2 was one of the first to be produced. It
has three main characteristics of note. First, with only 10 periods of 1.2µm in length,
it is very short. Second, with only 3µm in depth on a 15µm-diameter microwire, it is
very shallow. Third, the grating period is more than double the needed period for a
first-order 1550nm grating (see equation 5.4). The first two factors lead to a negligible
interaction with light and thus the grating is not spectrally visible.

Fabricating longer gratings revealed to be the biggest challenge using the FIB system
available. Due to the inherent longer milling time associated with longer gratings, the
milling suffers a drift, either a result of a beam drift or a sample drift. This is exemplified
in figure 5.3. This grating was projected to be at the top of the microwire like seen in
figure 5.3b, but since the milling took approximately 2h, the grating gradually drifted
towards the center of the microwire. Note that this grating is much longer and deeper
into the microwire than the previous grating (figure 5.2).

Concatenating gratings, as in milling gratings by sections, was attempted as a solu-
tion but due to the way the system software is engineered this is not possible without
introducing a defect at the point of concatenation. The FIB software does possess an
alignment feature but whether it is because of the 3D nature of the microwires or the
alignment system itself, it was never possible to produce satisfactory results. Figure 5.4
shows a concatenation of a grating by milling two sections separately. This results in a
center notch that has a larger width than the rest of the grating. This notch would, at
the very least, cause a unintended phase shift altering the desired properties of the mi-
crograting. This can however, be explored in a different research direction but is not the
objective of the work here. Microgratings fabricated with FIB including a phase-shift of
this nature have been reported in literature [161]. Figure 5.5 shows yet another concate-
nation but this time the milling was done in a different configuration, i.e. from the top,
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2 μm

(a) This micrograting has 10, 1.26µm-periods
milled with a depth of 3µm totaling a length of
12.5µm.

10 μm

(b) Micrograph showing the full width of the mi-
crowire.

123 ...

(c) Milling procedure: the focused ion beam goes
into the plane of the paper creating one notch at
a time.

Figure 5.2: This micrograting proves to be very short and shallow and does not affect
light in a meaningful way.

20 μm

(a) This micrograting has 40, 1.7µm-periods
milled with a depth of 7µm, totaling a length
of 65.7µm.

5 μm

(b) Micrograting notch detail.

Figure 5.3: The milling process took approximately 2h and led to a drift towards the
center of the microwire.
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20 μm

(a) Two concatenated gratings.
5 μm

(b) A defect forms at the center.

Figure 5.4: The micrograting fabricated as a concatenation of two separate milling
processes leads to a differently sized notch at the center.

into the whole width of the microwire3. Milling from the top, into the microwire was
not deeply explored because there is very little control over the whole process. Since
the beam is directed into the microwire along its whole width without the objective
of milling through, the point where the milling stops is undefined. It will depend on
several factors such as local microwire depth and very significantly on the redeposition
of the milled material. In opposition to the microgratings fabricated at the top of the
microwires, where the milled material can escape in a direction perpendicular to the ion
beam, in this milling strategy, the material has to be removed in the same line of the ion
beam but in opposite direction. One consequence of this is also an increased roughness
of the milled structure and the inability to create large aspect ratio notches.

The examples shown in this section led to the conclusion that the microwires were
indeed too thick to work with microgratings. Short and shallow gratings were possible
but these are optically negligible. Longer and deeper gratings, long and deep enough
to affect light, needed much higher milling times which led to drifting. Milling gratings
by sections was attempted as a solution but the alignment process proved to be insur-
mountable leading to gratings with phase shifts. Milling gratings from the top across
the whole width of the microwire was also discarded due to the low resolution obtainable
resulting from the redeposition of milled material. Since the microwires proved too thick
to properly inscribe microgratings, the next step was to attempt to mill them in tapered

3To clarify, unless otherwise stated, the SEM and FIB micrographs shown throughout this chapter
have a perpendicular orientation relative to the ion beam configuration used. In other words, when
fabricating the structures shown, the FIB was perpendicular to the plane of the paper with the ions
flowing into the plane of the paper. This is relevant because it makes it easier to understand the milling
process used in each structure.
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10 μm

(a) Concatenated micrograting milled from the top.

(b) Milling schematics: the FIB is
scanned on each notch along the entire
width of the microwire but only to the
desired notch depth.

Figure 5.5: The micrograting milled from the top results from the concatenation of two
milling processes and reveals a defect at the center.

fiber tips where the diameters were smaller than in the suspended microwire.

5.2.2 Tapered fiber tip microgratings

Compared to the suspended microwires from the previous section, tapered fiber tips
have the advantage of possessing diameters of just a couple of microns or even below
one micron at the very tip. This means that it is possible to mill a grating in sections
of TFTs with diameters ranging from 2µm to 10µm. Such microgratings are not only
easier (faster) to fabricate, as less material needs to be milled, but they also offer a larger
interaction with light than in the microwire cases. It should be noted that these micro-
gratings have shorter periods (Λ), inline with the grating periodicity needed (equation
5.4), and a much larger number of notches than the gratings fabricated in the microwires.
This does not mean that problems like drifting disappear. Drifting still occurs for longer
gratings (see figure 5.6).

Currents of ca. 100pA were used to mill the TFT microgratings. A larger current
could be used to reduce milling time and thus reduce the drifting effects. The problem
with increasing the ion current is that the spot size increases and consequently the
resolution worsens. To achieve notches of the order of a couple hundred nanometers, a
very low current must be employed. Figure 5.7 shows what happens when a micrograting
is milled with a higher current. The notches can be superposed and the result is a simple
gap (figure 5.7a) or very badly-defined, short notches (figure 5.7b). In figure 5.7a, the
resolution was so bad, due to the high current, that the milling of the next notch simply
obliterated the previous notch creating a single gap across the length of the projected
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20 μm

(a) The non-uniformity of the drift for very
long and time-consuming microgratings is visible.
This micrograting has 100, 560nm periods total-
ing a length of 56µm. It was milled with an ion
current of just 88pA and took a time of 3h30.

10 μm

(b) This micrograting has 80, 540nm periods to-
taling a length of 42µm. It was milled using a
current of 108pA taking 1h43.

Figure 5.6: Drifting is still a challenge in milling microgratings in TFTs as seen in these
examples.

micrograting.
With the change in format, from a cylinder (microwire) to a cone (TFT), different

challenges arise. The milling necessary to form each notch of the micrograting is now
different, i.e. each notch has a different volume that needs to be removed. So, if we
set the milling parameters to match up with the milling necessary on one end (say the
thinner end), then they will be sub-optimal for the other end (say the thicker end). This
will lead to cases where the notches are well defined and milled through on the thinner
end but not on the thicker end. It should be noted that even in cases where the TFT
was not milled through to the other side, the notches can still be well defined and form
a grating nonetheless (see figure 5.8).

Two solutions were tested to correct the drifting. The first was to simulate a counter-
drift in the opposite direction when initially planning the milling. This is best illustrated
in figure 5.9. The problem would be solved by projecting the micrograting taking into
account the drift that the system would have and correcting it a priori. This would re-
quire a full characterization of the system induced drift. Unfortunately, in characterizing
this drift, it readily became obvious that the drift was not consistent between different
milling sessions. Although the direction was always the same, the drift could be faster
or slower or even, in some cases, nonexistent. The challenge was determining the drift
characteristics but the cause was never determined with certainty, and consequently, the
drift still remained a problem. Nonetheless, a micrograting corrected for drift using this
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20 μm

(a) High current milling led to one single gap in-
stead of a micrograting as intended.

10 μm

(b) This micrograting has short, deformed
notches due to excessive current.

Figure 5.7: Currents above 200pA do not allow enough resolution to mill notches of the
order of 200nm.

10 μm

Figure 5.8: This micrograting was corrected for drift and even though the notches are
not all milled to the other side it is still well defined. It has 70, 600nm periods totaling
a length of 42µm and was milled using a very low ion beam current of 100pA.
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Projected Milling Actual Milling

Without drift 
correction

With drift 
correction

Resulting Structure

Figure 5.9: This method of drift correction helped improve the alignment of the micro-
gratings but was unable to fully solve the drift problem.

Without drift 
correction

With drift 
correction

Projected Milling Actual Milling Resulting Structure

Figure 5.10: The method of drift correction here allows the microgratings to be milled
to the very edge of the tapered fiber tip.

method can be seen in figure 5.8.

The second solution was to mill the notches with an excess area over the top of the
TFT. This effectively means that at the beginning of the milling, the ion beam scans
a region where there is no material to mill i.e., it shoots ions into free space. When
the drift occurs, the projected notches will shift towards the TFT but the structure is
still milled to the very edge. Figure 5.10 best illustrates this. This method does not in
any way solve the drifting problem itself, but it allows for the creation of more uniform
gratings at the edge of the TFT. Two such gratings are shown in figure 5.11. Figure
5.11a shows a micrograting where the notches were not milled to the end but the increase
in notch length due to this method is visible. And, figure 5.11b shows a near perfect
micrograting where the notches are practically uniform and the increase in notch length
is visible but small.

From meetings with FIB specialists from the equipment manufacturers and other
colleagues with access to other systems, the drifting is believed to have resulted from
the FIB system itself and the use of a different system would be the only way to overcome
this problem.
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5 μm

(a) Notch length increases as expected but the
final notches were not milled through. The much
thicker section on the right would need a higher
milling time to correctly mill the notches all the
way through.

10 μm

(b) Near perfect micrograting where the notches
were milled through and notch length increases
only slightly. This micrograting has 50, 540 nm
periods with a total length of 27µm. It was milled
with a current of 114pA and took a total of 50
minutes to mill.

Figure 5.11: These two microgratings were drift corrected using the solution detailed in
figure 5.10.

5.3 Results

After looking at the fabrication aspects of the microgratings in tapered fiber tips, some
microgratings will be spectrally analyzed. How they behave when submitted to external
stimuli like refractive index change and temperature variations will be the focus of this
section. The microgratings were characterized using a simple reflection setup with an
optical source, an optical circulator, and an optical spectrum analyzer. A supercontin-
uum light source was used due to the broad nature of the Bragg peaks and to fully grasp
the full spectrum of the light reflected by the Bragg microgratings. These microgratings
possess broad spectra due to several factors such as an inherent chirp from the shape
of the TFTs and variations in periodicity. The TFTs are transitional structures in the
sense that they start as single-mode at the lead-in fiber (SMF) end and taper down to
multimode silica-air waveguides at the tip where the microgratings are milled. Figures
5.12a and 5.12b show an example of a micrograting. This micrograting has 50 periods
and a total length of just 27µm. Each period is 540nm and each notch has only 270nm.

This micrograting was analyzed in reflection when in air and when dipped in ethanol
(see figure 5.12c). Several things can be observed in these two spectra: first, an abrupt
change in the spectral shape and second, a red-shift when the micrograting is dipped in
ethanol. The red-shift can be accounted for by the change in effective refractive index
of propagation when dipped in the different media. The refractive index of air is 1.00 as
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10 μm

(a) Micrograting with 50, 540 nm periods and a
total length of 27µm.

20 μm

(b) Zoom-out of the micrograting.
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(c) The spectral response of this micrograting when
immersed in ethanol proves to be completely different
from when surrounded by air.

Figure 5.12: The tapered fiber tip microgratings are sensitive to the surrounding
medium.
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compared to ethanol which is 1.35. This leads to a higher Bragg wavelength when the
grating is dipped in the higher refractive index medium. The fringed spectrum of the
grating in air is due to a Fabry-Perot cavity that is formed between the beginning and the
end of the grating. This shows that the reflections at these interfaces are indeed stronger
than the individual reflections at each notch. When the grating is dipped in ethanol,
the index contrast is much lower (1.35/1.45 instead of 1.00/1.45) and the reflections
that formed the FP cavity are now much smaller and thus have much less visibility in
ethanol. The grating peak effectively modulates the FP channeled spectrum resulting
in the spectra seen in figure 5.12c.

Figure 5.13a shows an 80-period micrograting (43µm in length) where a drift towards
the central section of the TFT occurred during fabrication. This drift did not present
significant changes to the micrograting spectrum when comparing with microgratings
without a visible drift. The micrograting was subjected to temperature variations in
the range 350◦C − 870◦C. The reflectivity of the grating is a bit reduced at high tem-
peratures but restores itself when the temperature decreases (see figure 5.13b). The
peak wavelength shift showed a linear response to temperature resulting in a calculated
sensitivity of 14.4pm/K (see figure 5.13c).

5.4 Discussion and final remarks

Initially, microgratings were milled on microwires with diameters of approximately 15µm.
Due to the large diameter, each notch took a considerable amount of time to mill which
led to a drift during milling. On microwires, only short and/or shallow gratings were
milled and these were not spectrally visible. When moving to tapered fiber tips and
milling in the region from 2µm to 10µm it became easier and faster to mill the micro-
gratings. The microgratings were milled with very low ion currents (ca. 100pA) and took
between 1 and 3 hours. This led to longer and deeper gratings that could be spectrally
analyzed. Drifting was still an issue and two solutions were proposed. Although neither
was completely successful it was still possible to create well-defined gratings.

Two of the tapered fiber tip microgratings were further characterized. The 50-period-
long TFT-FBG was shown to have very different spectra when in air and ethanol. The
higher refractive index of ethanol when compared to air led to a higher effective index
of the grating and a reflection at a higher wavelength. A cleaning of the fringes and
narrowing of the peak also resulted from the lower index contrast when the grating
was immersed in ethanol. The 80-period-long TFT-FBG, was characterized as a high
temperature sensor in the range 350−850◦C and showed a higher sensitivity of 14.4pm/K
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10 μm

(a) This micrograting has 80, 540nm periods with
a total length of 42µm.
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(b) The spectra of this micrograting show a red-
shift for increasing temperatures.
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(c) The Bragg peak of this micrograting shifts
in response to temperature with a sensitivity of
14.4pm/K. The micrograting is an ideal sensor
for high temperatures withstanding up to 870◦C.

Figure 5.13: TFT microgratings are sensitive to temperature and withstand tempera-
tures up to 900◦C.



5.4 Discussion and final remarks 125

when compared to standard FBGs. The high temperature performance of such a simple
structure comes from the fact that the index modulation is geometric in nature. It does
not depend on a slight index change, result of more traditional fabrication techniques
such as the use of excimer lasers or femtosecond lasers that can be erased at high
temperatures. This means that the grating will only be erased when the silica starts to
soften at the glass transition temperature of around 1200◦C and the periodic indentations
merge together. The modulation in this type of grating is made of consecutive slices
of silica and external medium (such as air) making possible a refractive index contrast
of over 10−1. This also allows for much shorter gratings which, combined with the
tip-like structure of the tapered fiber tips, leads to a very interesting high temperature
point sensor. Many applications can benefit from such structures. Temperature and
refractive index measurement in very small volumes such as bubbles or even cells can be
two examples. Other gratings or Fabry-Perot cavities can be combined on these TFTs
for multiplexing and probing different parameters and wavelengths. All this without
compromising the size of the sensor tip.

The crucial aim of this work was to determine if focused ion beam could be used
to fabricate microgratings and if the system we had in our institute was adequate for
such endeavors. From what was shown in this chapter, it is clear that FIB can be
used to fabricate microgratings but not without its limitations. Even using a FIB-SEM
system not adequate for such high-resolution needs, it was possible to mill high quality
gratings. It also became clear that the TESCAN system had many drawbacks when
it came to milling non-conductive materials with very high resolution. I believe that
we have reached the limit when it comes to using this specific FIB system to fabricate
microgratings. But it became evident that microgratings, even those fabricated with
this system, have great potential, especially as high-temperature sensors.

In the quest to determine if a new, more advanced system would help improve the
fabrication of microgratings, it became clear that the TESCAN LYRA FIB-SEM system
available had reached its limit in terms of milling resolution in optical fibers. A more
advanced equipment would allow for a higher resolution at higher currents. This would
lead to better defined notches fabricated at a higher speed. Shorter periods would also
become a possibility. By getting rid of the drift, longer gratings with sharper Bragg
peaks would be feasible as well.

In short, a higher resolution, higher current system would not only allow for easier
fabrication of microgratings in optical fibers but also open up new possibilities in the
creation of optical fiber micro- and nanostructures.





Chapter 6

Conclusions

This doctoral work was centered on the study of focused ion beam milling of optical fiber
microstructures. To perform this study, several different microstructures and configura-
tions were milled. The use of different postprocessing techniques to create intermediate
structures was also essential.

While other secondary techniques were employed, such as chemical etching, focused
ion beam is still the fundamental technique and the focus of the entire work. As such,
it was necessary to learn and explain how it works and how it can be efficiently applied
to optical fibers. A review of the state of the art in FIB-milled optical fiber structures
showed not only the limitations of the technology, but also helped define the path to
follow. Knowing and understanding the past helps define the path to success in the
future. FIB milling of optical fiber structures is a recent topic of the last 20 years but it
is clear that it possesses great potential to grow, only enhanced by the growing access to
the technology. If only one conclusion has to be taken from the state-of-the-art, it is that
FIB cannot stand by itself when applied to the micromachining of optical fibers unless
one is considering structures milled on the core region of a fiber top, such as lenses.
Other postprocessing, or even preprocessing techniques must be used to reduce the size
of the optical fiber or to more easily access the light guiding region. A state-of-the-art
in such a fast-evolving field is never accurate and complete. Further work will always
require a constant update of literature.

Following from the need to access the light guiding region before FIB milling, in
chapter 3, structure forming fibers were chemically etched to form suspended microwires.
On these, FIB was used to cleave them on one end to create a microwire cantilever. A
cantilever device with this type of configuration has, to our knowledge, never been
reported. Fiber-top cantilevers are not new devices but they are generally entirely
milled out of the fiber top and not simply achieved with the cleaving of a microwire.
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Other structure forming fibers exist, and can be designed, that can easily produce other
intermediate structures capable of being combined with FIB with great success. Such
combination has the potential to lead to very interesting structures that cannot be
achieved otherwise. This work only scratched the surface of this unusual combination,
being the first of many that can follow.

The work presented in chapters 4 and 5 relies on tapered fiber tips as intermediate
structures on which focused ion beam is used. Tapered fiber tips are extremely attractive
structures as they are very easily produced and reproduced, they have a probe-like shape,
and are already used and applied in other contexts and fields. They also revealed to be
very appropriate for FIB milling of microstructures.

In chapter 4, microcavities were milled on such tapered fiber tips. This resulted in
probes with Fabry-Perot cavities both in silica and filled with the surrounding environ-
ment that proved to be able to sense temperature and refractive index, simultaneously.
This was the first time that a Fabry-Perot microcavity was created on a TFT. Previous
attempts had only resulted in reflective elements that formed a multimodal interferome-
ter [132]. The microcavity created here, based on a Fabry-Perot interferometer, allowed
for refractive index sensing with a sensitivity one order of magnitude higher than the
multimodal interferometer.

These microcavity probes were envisioned with a specific application in mind: neural
activity recording. While this application was not an integral part of this doctoral work,
these same microcavities are now being tested in vivo for neural activity recording in
rat brains. Preliminary results show that with these probes, the effective neural activity
within the cavity can be monitored. The silica cavity is also thought to be of potential
use to monitor temperature in the same region. This is important in optogenetics, when
injecting light, as it is still not certain if specific ion channels of the neurons are being
opened because of light stimulation or because of the consequent heating.

Further work on reducing the dimensions of the cavities is an immediate next step.
The limitation here is not in terms of FIB resolution but more related to the free spectral
range of shorter Fabry-Perot cavities. The challenge then becomes either operating at
a lower wavelength or increasing the measurement bandwidth. As a direct result of
this, Fabry-Perot cavities as small as 2.8µm were fabricated but measured at a visible
wavelength. To our knowledge, these are the smallest Fabry-Perot microcavities ever
milled with FIB. Future development of these microcavity probes may lie on adding
biochemical functionality. With the use of appropriate coatings, specificity towards
particular chemical or biological species can be added to the structures.

The final and most challenging milled microstructure was the fiber Bragg micrograt-
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ing on a tapered fiber tip. Milling an FBG with focused ion beam requires the milling of
grooves with around 200nm. This turned out to be more challenging because of the FIB
system being used. Attempting to mill said microgratings showed that we were nearing
the resolution limit of our system. While it was possible to mill gratings and show them
working as high-temperature sensors, the FIB system limitations in terms of resolution
and stability impeded the creation of longer gratings with narrower Bragg peaks. On
the other hand, one of the main goals stated at the very beginning was the determina-
tion of the potential to create high-temperature FBGs with FIB and determine if the
system available was adequate or if a new one was in order. These results were clear: for
better micrograting fabrication, a new, higher resolution system was required but it also
evidenced the immense potential of FIB-milled microgratings. This study contributed
to the decision to acquire a new, higher resolution, higher current FIB-SEM system that
will allow, among other things, the fabrication of better microgratings at the IPHT. A
very promising next step is to use this new system to fabricate microgratings in sapphire
fibers. The combination of geometric gratings with the extremely high-temperature re-
sistance of sapphire fibers can lead to a completely novel approach to high-temperature
sensing.

FIB milling might not be pioneer work in material science but has only recently
been applied to the fabrication of optical fiber microstructures. Being the first to apply
FIB milling for the fabrication of optical fiber microstructures at INESC TEC and
injecting renewed energy into a dormant field at the IPHT, laid the groundwork for
further research. Several publications have already resulted from other researchers that
built upon work here presented. The possibility of creating microstructures that allow
sensing of physical parameters in extremely small places and at extreme temperatures,
coupled with all the advantages inherent to optical fiber sensors is, without a doubt,
an avenue of research that warrants further exploration. But, the work on optical fiber
probes for neural activity recording, optogenetics, and life sciences is, in my view, the
most promising foundation laid by this doctoral work.
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Appendix A

In vivo neural activity recording
using FIB-milled probes

The work detailed in this appendix follows directly from that which was presented in
chapter 4. The microcavity probes used here are fabricated by me, exactly the same
way as detailed in chapter 4. While I fabricated the structures, I did not perform any
of the follow-up work presented in this appendix. This was performed by the team
of Dr. Mohammad I. Zibaii at the Laser and Plasma Research Institute of the Shahid
Behesti University in Tehran, Iran. The work shown here is extremely preliminary and is
presently being performed, but it was deemed essential to show these preliminary results
in this thesis as this is still unpublished work, that may validate these microstructures
as essential neuroscience tools in the near future.

Introduction

Many techniques have been employed for in vivo neural activity recording of the mam-
malian brain [164]. Most rely on microelectrodes of various shapes and materials to
measure electrophysiological properties in the brain. The main drawback of such tech-
niques is the susceptibility to environmental electrical noise and artifacts caused by
electrical stimulation and movement. More recently, optical neural recording techniques
are being developed. They offer advantages such as immunity to electrical noise and the
ability to monitor a large number of neurons or selectively record genetically-targeted
neurons. Techniques such as near-infrared spectroscopy [165], functional optical coher-
ence tomography [166], and surface plasmon resonance [167] are just a few of the optical
techniques being developed for neural recording. Other techniques rely on the use of
fluorescence signals but, the dyes needed for this are known to introduce artifacts and
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200 μm

Figure A.1: The microcavities are milled with focused ion beam in tapered fiber tips
created by dynamic chemical etching.

their pharmacological effects are not totally well documented [168].
This sets the table for fiber-optic techniques, especially those that rely on interferom-

etry instead of fluorescence. Fiber optic techniques provide minimally invasive imaging
from the cortex to the deep-brain with a high spatial resolution.

This is where the FIB-milled Fabry-Perot microprobes come into play. They possess
a unique pointy configuration capable of measuring refractive index in their raw state
(additional sensitization can be applied), in a very small volume. These are the sensors
that will be applied in vivo to detect optical changes induced by neural activity in rat
brains.

Focused Ion Beam

The microprobes used here are those fabricated in chapter 4 and shown in figure A.1.
They are sensitive to refractive index changes inside the cavity and present a two-wave
interferometer optical spectrum.

Application

The analysis presented here is based on the assumption that the refractive index inside
the Fabry-Perot cavity is directly affected by the extracellular potential in the vicinity
of the neurons. The presence of Na+ and K+ ions is a direct result of the changes in
ionic concentration near the neurons’ membranes and is assumed to be the main factor
affecting refractive index. The change in concentration of these ions, through the ion
channels present in the neuron membrane is directly correlated with neural activity.
Figure A.2 shows a schematic of an ion channel of a neuron.

The microcavity probe was inserted in the target region together with a tungsten
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Figure A.2: A schematic representation of an ion channel on a neuron membrane in
close proximity to the microcavity probe.

microelectrode to perform electrophysiological readings. The microcavity was monitored
similarly to what was shown in chapter 4. The probe was inserted into the brain tis-
sue according to brain surgery protocols. Male Wistar rats were anesthetized for the
procedure (figure A.3).

The microprobe was inserted into the cortex to a depth of 300 − 600µm from the
surface. Figure A.4a shows the probe spectrum in air and in the brain. Fringe visibility
is reduced but the channeled spectrum is still clearly present. Preliminary results shown
in figure A.4b rely on the tracking of a single peak in the fringe spectrum with time. The
fluctuation of the peak when inside the brain is believed to be due to neuronal activity
but further confirmation with the electrophysiological readings is necessary.

More testing is underway and confirmation of such results is necessary but it is
clear that these microprobes are promising devices for optical recording, stimulation,
and sensing of neural activity in a small volume and difficult to access regions of the
brain. The potential of these microstructures is clear but further research is necessary
to confirm said potential.
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Figure A.3: The photograph shows the anesthetized rat prepared for optical and elec-
trical recording.

(a) The microcavity spectrum is shown in air
and inside the brain. The fringe visibility
is clearly diminished when inserted in the
brain but the fringe pattern is still visible.

(b) The wavelength shift of a single peak is
monitored with time. The fluctuations are
believed to be a result of neuronal activity.

Figure A.4: The preliminary results show a fluctuation of the optical spectrum when
the microcavity is inside the brain.



Appendix B

Microchannel milling on a
microstructured optical fiber

This appendix details a work where focused ion beam was used to mill a microchannel
on a microstructured fiber top to allow fluids to transit from one hole to another. After
the microchannel is milled, the MOF is spliced to SMF. The structure was applied as
an acetone evaporation sensor. All the focused ion beam work was directly performed
by me while the application of the structures as sensors was mainly performed by João
Moura and André Gomes with my occasional aid and input.

Introduction

The microstructured fiber, shown in figure B.1b, possesses 5 large, elliptical holes side
by side along a single axis. Holey fibers like these are interesting to produce microfluidic
devices by inserting fluids into their large holes and using the fiber structure for mea-
suring properties of the fluids by a number of diverse techniques from simple absorption
to more complex interferometry. The problem that arises in such an application is that
when splicing the MOF to a standard SMF fiber to couple light into it, the holes be-
come sealed. Even if this splice occurs on just one end, the air pressure inside will not
allow the holes to completely fill with a liquid when the fiber is dipped and removing
the air accumulated near the splice becomes quite hard. The filling process is certainly
dependent on the filling material and its viscosity but if one could find a way to allow
the air to escape from the splice region, the fluid would easily fill the holes.

This fiber was fabricated in-house at the IPHT by the stack and draw technique
(figure B.1a). Three different fiber samples with slightly different structures were drawn
from the same preform. The difference among them being the drawing temperature
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(a) The photograph shows the
stacking of silica rods surround-
ing the 5 silica capillaries at the
center.

50 μm

(b) The SEM micrograph shows the
most stable variant of the drawn fiber,
where the holes are far from circular.

Figure B.1: The caterpillar-like microstructured optical fiber was made at the IPHT by
the stack and draw technique.

which alters the pressure differential and, consequently, the fiber’s cross-section. The
walls between the fiber holes were measured to be smaller than 0.5µm. The fiber turned
out to be very fragile leading it to break several times during the drawing process. This
is believed to be due to the hexagonal nature of the fiber cross-section, a remnant of the
stacking process used.

Focused ion beam milling

The objective here is to use focused ion beam to mill a microchannel on the fiber-top
of such a microstructured optical fiber before splicing it to SMF. This channel would
then allow air, and fluids, to circulate in and out of the holes alleviating the problem of
accumulating air pressure. Such a channel would also create an interconnection between
the holes if milled across the entire structure. Milling microchannels along the air-hole
orientation that would survive the splicing to SMF were the objective.

Several milling configurations were tested before arriving at the most suited to the
milling of a microchannel in these circumstances. Initially, the thick walls on the side
of the holes were milled from the top (FIB parallel to the fiber axis, milling planes
perpendicular to the fiber axis). This led to well-defined channels but also to deep cuts
along the edges of the channel. Since on the outside and inside of the microchannel
section the milled material can more easily escape (higher milling angle), the milling is
much more effective (figure B.2). This might be irrelevant for the microchannel itself
but will lead to increased fragility when splicing the structure. Ion currents of 7.3nA
were employed.
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50 μm

(a) Channels milled on both
sides of the holes with a par-
allel FIB-fiber orientation.

20 μm

(b) Detail of the milled chan-
nel shows deeper cuts both
on the inside and outside of
the milled section.

50 μm

(c) Deep cuts of the edges
are due to the milling con-
figuration.

Figure B.2: Milling plane by plane from the top with a parallel FIB-fiber orientation
leads to well defined channels but results in deep cuts along the edges. The milled
material not only has a larger solid angle to escape to but the incidence angle of the FIB
is also larger.

50 μm

(a) Polishing from the outside to-
wards the holes leaves a clean-cut
channel.

50 μm

(b) Polishing from the inside to-
wards the outside results in a re-
deposition of material on the first
inner wall.

Figure B.3: Polishing from the outside in, provides good results but the control of the
depth of the channel remains a challenge.

A different approach that was tested was making use of the polishing feature by
milling planes parallel to the fiber axis (keeping the FIB parallel to the fiber axis). This
was done both from the outside to the inside (figure B.3a) and the inside to the outside
(figure B.3b). In the second case, the milled material would redeposit on the first hole
wall which makes the milling process of the wall more difficult. The first is clearly the
best approach as the milled material leaves the structure without redepositing (figure
B.3a).

For the walls, milling from the top is very ineffective and since the walls are very
thin, it becomes very hard to control the depth of the milling. Figure B.4a shows that
milling the walls from the top leads to the thinning of the walls making them more
fragile than they already are. The alternative here was to mill the walls at a small angle
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20 μm

(a) Milling the walls from
the top leads to a thin-
ning effect and increased
fragility. Controlling the
milling depth this way is im-
possible.

10 μm

(b) Milling the walls at a
small angle allows for better
control of the section that
is milled but since the walls
are very thin, shadows of
the milling window appear
on the next walls.

50 μm

(c) Further milling can cor-
rect for this shadow effect.

Figure B.4: Milling the walls is the next step in finalizing the microchannel.

relative to the endface plane (FIB almost perpendicular to the fiber axis). Since the
control of the milling depth is very hard to achieve in such complex and thin structures,
figure B.4b shows that the milling at an angle leads to openings further down on the
next walls. This can be easily solved with a bit more milling adjusting the channel depth
in each wall (figure B.4c). Milling completely parallel to the fiber top is not an option
here because the channels are not wide enough to properly mill the walls that are 60µm
deep into the structure.

The alternative to parallel milling, perpendicular milling, proved to be trickier in
terms of alignment but produced better results. Milling perpendicular to the fiber all
the way through means the FIB needs to be aligned with the holes and the channel
needs to be projected with a larger width. This is not always an easy task because
of the limited degrees of freedom of the FIB stage. Keeping the ion beam focused
when milling a channel with over 120µm in depth is very hard but the fact that the
microchannel does not need to be optically perfect since its sole purpose is to let fluids
circulate, relaxes the tolerances in terms of size and perfection. Initially, the use of a
very fragile section of fiber gave misleading results in this milling configuration because
the walls were always shattering (figure B.5). When this was detected, changing to a
more robust section immediately produced good results (figure B.6). The channel is
clearly much wider and this structure was achieved after milling and remilling to obtain
a smooth and clean channel.

After the microchannel was milled, the structure was spliced to an SMF. The MOF
was then cleaved at a length of approximately 3mm. Figure B.7 shows the splices where
the microchannel is visible. The SEM micrographs do not show that the microchannel
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50 μm

Figure B.5: Shattering of the walls when milling perpendicularly to the fiber axis was
due to the fragility of that specific section of fiber.

50 μm

(a) The top view shows a wider channel than
before but also a much cleaner channel.

50 μm

(b) This micrograph shows a much deeper
channel than those milled by the parallel
method.

Figure B.6: Microchannel fabricated by milling with the FIB perpendicular to the fiber
axis, i.e. along the microchannel, proved to be a better choice.
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50 μm 50 μm

Figure B.7: Two splices between the MOF with a milled channel and an SMF.

Figure B.8: A simple reflection setup is used. A water bath was used to heat the liquid
being analyzed.

did not collapse but further testing by dipping in acetone and observing with an optical
microscope proved this.

Application

The structure was then applied for sensing acetone evaporation and for the detection
of water vapor. The sensor was immersed in a beaker with a liquid volatile organic
compound: either acetone or a 50% acetone-50% water solution. The fluids in the beaker
were heated and the time response of the reflected signal from the sensing head was
analyzed at 1550nm. The setup is shown in figure B.8. For the water vapor detection,
the sensor was suspended above the beaker. A few results are shown in figure B.9 but
these are not the focus of this appendix. It is possible to see the signal difference between
the immersion in air, in water+acetone, in water, and then back in air.

This work shows a totally different application of focused ion beam for the fabri-
cation of optical fiber sensors. A very simple sensor was created where FIB was used
solely for the opening of a microchannel to aid with the microfluidics of the structure.
The FIB milled surfaces had no optical relevance in this case, contrary to the other
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(a) Dipping in the mixture at room temperature. (b) Immersed in the mixture at room tempera-
ture.

(c) Immersed in water after all the acetone has
evaporated.

(d) Water evaporation.

Figure B.9: Time response of the reflected signal of the sensing head during the evapo-
ration process of a 50% acetone – 50% water mixture.
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works presented throughout this thesis. For more information about this work and more
detailed results check the following publications [28, 39].
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• A. D. Gomes, M. F. S. Ferreira, J. P. Moura, R. M. André, J. Kobelke, J.
Bierlich, K. Wondraczek, K. Schuster, and O. Frazão, “Acetone evaporation and
water vapor detection using a caterpillar-like microstructured fiber,” Microw. Opt.
Technol. Lett., vol. 58, no. 3, pp. 679–683, Mar. 2016. [28]
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Conference on Optical Fibre Sensors (OFS24), 2015, p. 96342R. [39]



Appendix C

Magnetostrictive cantilever
characterization using FIB-cleaved
tapered fiber tips

In this appendix, focused ion beam is used to simply cleave tapered fiber tips perpen-
dicularly to the fiber axis. The objective here is to obtain a very small cross-section and
use it to detect a deflection of a microcantilever. All the focused ion beam work was
performed by me while the cantilever production and characterization was performed by
João Horta, Beatriz Silveira, and André Gomes. This work is still in progress and has
yet to be published.

Introduction

Magnetostriction is a characteristic of ferromagnetic materials by which such material
changes its length when an external magnetic field is applied. Depositing a magne-
tostrictive Co1−xFex thin film on a Si/SiO2 microcantilever creates a structure that,
when subjected to an external magnetic field, bends [169]. It bends because the film
elongates but just on one side of the cantilever. The cantilevers used here are of micro-
metric dimensions from (10×10) µm to (180×250) µm. Usually, a He-Ne laser is used
to characterize such devices. The beam is projected onto the cantilever and reflected
onto a four quadrant photodetector. In this work, the use of cleaved tapered fiber tips
is studied as a substitute for this system.
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200 μm 200 μm 100 μm

Figure C.1: Three examples of tapered fiber tips cleaved with focused ion beam.

Figure C.2: A simple schematic of the characterization procedure shows the tapered fiber
tip, the microcantilever, and the magnet applying the external field. The schematic is
not to scale.

Focused ion beam milling

The tapered fiber tips were fabricated by tapering a standard fiber using a CO2 laser.
They were then cleaved using focused ion beam. Three examples of such cleaved tips are
shown in figure C.1. A very large current (∼ 14.7nA) was used for a coarse cleaving of
the taper (∼ 3min) and a smaller current (∼ 1.08nA) was used to polish the tip surface
(∼ 20min).

Application

The setup used to characterize the cantilevers is shown in figure C.2. A reflection setup
with a broadband light source, an optical circulator, and an optical spectrum analyzer
were used to analyze the optical signal. The cleaved TFT both shines light on the
cantilever and collects the reflected light. A gaussmeter was placed beside the cantilever
to measure the applied magnetic field.
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(a) Reflected spectrum for different magnet-
cantilever distances (i.e. different applied
magnetic fields).

(b) Wavelength of a Fabry-Perot
fringe as a function of applied
magnetic field.

Figure C.3: Preliminary results obtained using the FIB-cleaved tapered fiber tips.

Very preliminary results are shown in figure C.3. A Fabry-Perot cavity is formed
between the fiber tip and the cantilever. A redshift of the fringe pattern of the Fabry-
Perot with increased applied magnetic field is detected.

This work shows a very simple application of focused ion beam to optical fiber. A
simple, perpendicular cleave was achieved on a tapered fiber tip. The optical quality of
the cleave, that was also FIB-polished, is of importance to form a Fabry-Perot cavity
together with the microcantilever. This shows just one more example of the versatility
of focused ion beam.





Appendix D

Angled cleaving of tapered fiber tips
for coupling light into an exposed
core fiber

This appendix addresses the need to couple light into and out of a small core exposed
core fiber. For this purpose, tapered fiber tips were cleaved at different angles using
focused ion beam milling. The FIB milling was performed by me and came from a need
of a colleague, André Gomes. He is the one that attempted the coupling and gave the
input as to which angles he needed on the tapered fiber tips.

Introduction

Exposed core fibers (ECF) are microstructured fibers, similar to suspended core fibers,
where one of the air holes is open all along the length of the fiber. Figure D.1 shows
the cross-section of the ECF used in this work. In some cases, the core of the ECF is so
small and connected by such small bridges to the cladding that splicing it to standard
SMF is a challenge. Besides achieving very poor coupling, the danger of breaking or
melting away the bridges during fusion splicing is high. This is where the need to couple
light into the core through another method comes from. The idea was to test cleaving
tapered fiber tips at different angles to couple light directly into the core and out of the
core further away.
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50 μm

Figure D.1: The exposed core fiber can be described as a suspended core fiber with an
open hole.

Focused ion beam

Focused ion beam was used to cleave tapered fiber tips created by tapering with a CO2-
laser. Some examples are shown in figure D.2. The tips were initially cut with FIB at
the desired location with a very high ion current and then milled to the desired angle at
a lower current. The final surface was then polished at an even lower current, not unlike
the polishing and sharpening described in chapter 4.

Application

A He-Ne laser was used to couple light into the ECF’s core (figure D.3). Visually, it is
not clear whether the coupling occurs solely to the core or to the whole structure (core +
cladding + air holes). Later using a broadband source @ 1550nm and two cleaved TFTs
it was possible to couple light into and out of the ECF, but with very low efficiency.
Further optimization of the whole setup would be needed going forward. The use of
an index-matching gel and a more thorough study of the coupling angle could greatly
improve the coupling efficiency.

This work shows one more, simple application of focused ion beam to optical fibers.
The simplicity of cleaving a tapered fiber tip at any desired angle only adds to the
versatility of the technique. Sometimes, the simplest of structures is the most challenging
to achieve. Mechanically cleaving fiber tips at a defined angle is not an easy task while
with FIB it is quite straightforward.



167

100 μm 20 μm

(a) Tapered fiber tip cleaved to an angle of 45◦.

200 μm 50 μm

(b) Tapered fiber tip cleaved to an angle of 20◦.

Figure D.2: Tapered fiber tips cleaved and polished at different angles using focused ion
beam.

Figure D.3: The coupling of light from a He-Ne laser into the core of an exposed core
fiber using an angle cleaved tapered fiber tip requires precise alignment and was achieved
with the aid of a microscope.
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