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RESUMEN

Los dispositivos de fibra 6ptica han probado ser una de las tecnologias mas eficientes para la
transmision y procesamiento de la luz durante las ultimas décadas. Este trabajo se centra en los
detalles y pardmetros de la fabricaciéon de dos tipos de dispositivos totalmente de fibra 6ptica:
linternas foténicas y micro resonadores de anillo. Las linternas foténicas de fibra éptica son de gran
interés para la siguiente generacidn de sistemas de comunicaciones. La selectividad modal en estos
dispositivos fue lograda mediante los procesos de fabricaciéon descritos en este trabajo. Dicha
caracteristica otorga la capacidad de generar diferentes modos espaciales de manera independiente
mediante cada una de las fibras de entrada, donde fue capaz de demostrar dispositivos de hasta
nueve diferentes modos linealmente polarizados en las fibras. La diversidad de nticleos de las fibras
Opticas y sus posiciones especificas dentro de las linternas fotdnicas para lograr de manera exitosa
estos resultados fueron halladas experimentalmente. Adicionalmente, un nuevo método de
fabricacién para estos dispositivos mediante preformas micro estructuradas especiales fue utilizado
para demostrar la posibilidad de escalar la fabricacién de dispositivos con un gran numero de fibras.
Los dispositivos fabricados fueron caracterizados analizando los patrones de luz generados en su
puerto de salida. Los resultados obtenidos en este trabajo proveen las bases para la fabricacién de

dichos dispositivos en desarrollo con selectividad modal.

Una nueva técnica para fabricar micro resonadores mediante el uso de elementos cilindricos
recubiertos con multiples capas de polimero es igualmente presentada, incluyendo fibras épticas
estandar de vidrio y tubos capilares de vidrio. Mediante esta técnica, las caracteristicas espectrales
delos resonadores pueden ser establecidas para satisfacer requerimientos especificos. La posibilidad
de emplear materiales funcionalizados fue comprobada utilizando como recubrimientos polimeros
fluorescentes y reconfigurables, los cuales mostraron ser ttiles para ajustar la respuesta espectral de
los resonadores. El procedimiento de fabricaciéon de estos dispositivos y las consideraciones
consecuentes son discutidos, incluyendo su uso potencial para el desarrollo de elementos de sensado.
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ABSTRACT

Fiber optic devices have proved to be one of the most efficient technologies for light
transmission and processing over the last decades. This works covers the relevant details and
parameters for the fabrication of two types of all-fiber devices: photonic lanterns and micro-ring
resonators. All-fiber photonic lanterns are of interest for the next generation of optical
communication systems. Modal selectivity of these devices was achieved following the fabrication
procedures described in this work. This feature grants the capability to address independently
different spatial modes with each input fiber, and we were able to demonstrate devices exciting up
to nine different LP fiber modes. The required diversity of fiber core diameters and their specific
positions within the photonic lanterns to successfully achieve these results were found
experimentally. Additionally, a novel fabrication approach using special microstructured preforms
was used to demonstrate the possibility to scale the fabrication of devices with a larger number of
fibers. The fabricated devices were characterization by analyzing the light patterns generated at the
output end. Results obtained in this work provide the foundations for the fabrication of these

emerging fiber devices with modal selectivity.

A new technique to fabricate micro ring resonators is also presented using polymer multilayer
coatings on cylindrical elements, including standard glass fibers and glass capillaries. With this
technique, the spectral features of the resonators can be tailored to fulfill specific requirements. The
possibility to employ functionalized materials was validated using fluorescent and optical
reconfigurable polymers as coatings, which were show to be useful for tuning the spectral response
of the resonators. The procedure to fabricate these devices and further fabrication considerations

are discussed, including their potential use for developing sensing elements.



CHAPTER I: INTRODUCTION

The use of light has quickly spread into several fields of life with a great number of
applications ranging from the understanding of matter, to new ways of entertainment. In science and
technology, it has proved to be extremely useful in a wide variety of applications. Major applications
ranges technological areas involving data transmission, material processing, imaging, and sensing;
other purposes include biological organisms and their interaction with light, as well as exploration
of new horizons in astrophotonics and manipulation of miniature objects [1-10]. Therefore, elements
capable of perform light processing are required for numerous purposes, such as light shaping,
filtering, sensing, etc. Light confinement and transmission are also crucial features for optical
interconnection of photonic systems, where optical fibers have demonstrated to be remarkably

efficient and versatile.

Among the many characteristics of optical fibers, the most attractive are the intrinsic minimal losses,
micrometric size, good compatibility with existing technologies, and low cost. Their physical features
(e.g., geometry, size, etc.) can also be further modified by post-processing or by the addition of
materials in specific sections, aiming at providing additional functionalities for different applications.
Post-processing of optical fibers is in fact one of the most used approaches for fabrication of fiber
optic devices such as couplers, allowing linking not only optical fibers but also between photonic
structures. A wide variety of devices working on this principle are currently available, e.g. fiber
couplers, long period gratings, mode scramblers, etc. These devices can redistribute optical signals
either in the frequency or in the spatial domain. Frequency-selective devices allow to separate and
to manipulate wavelengths in a very precise manner, a useful feature for redirecting a signal or for
filtering. Spatial-selective devices offer the capacity to manipulate the light intensity distribution
confined within a specific area of a photonic structure.

Fiber optic technology has grown enormously owing to the versatility and advantages of the use of
light on the last years. Many of the applications use single-mode fibers and hybrid free space/fiber
optic devices for their simplicity of fabrication, ease of analysis, and the extensive availability of tools
and equipment already developed for these purposes. In general, fiber optic systems are developed
aiming at avoiding the use of free-space optical devices because this results in less complex
assemblies and lower losses due to coupling and interconnection. A desired approach to reach these
goals is the inclusion of all-fiber devices able to perform a series of light processing functions.
Additionally, switching from single-mode to multimode devices offers the opportunity of increasing
the capabilities for information acquisition and processing. Low losses and high compatibility with
standard fiber technologies are hence highly desirable features for current fiber devices. The focus
of the present work is centered on the fabrication and characterization of optical fiber devices



intended for optical telecommunications and sensing applications: photonic lanterns and micro-ring
resonators.

[.L1 BACKGROUND

[.1.1 SPACE DIvISION MULTIPLEXING (SDM)

Optical communications is an area of technology that has expanded all over the world during
the last decades thanks to the use of optical fibers. The increasing progress in electronics and
informatics demands a growth in communications capable of handling the immense amount of data
[11]. Increase in deployment of actual single-mode optic fiber (SMF) systems is not a feasible option
due to high cost of equipment and devices. Various techniques to increase data transmission in a sole
SMF have made use of wavelength division multiplexing (WDM), time division multiplexing (TDM),
polarization division multiplexing (PDM), and modulation of phase and quadrature of optical signals
[11-13]. However, because of the non-linear Shannon limitation of single-mode fiber systems a

different approach is necessary to overcome capacity crunch in optical systems.

Space division multiplexing (SDM) has emerged as an alternative to increase data transmission in a
single optical fiber. SDM technique consists in using the different spatial modes as independent
transmission channels. This technique involves the use of multimode fibers which have a bigger core
diameter and hence the fiber non-linearity decreases [11-13]. The use of SDM in telecommunications
has been already demonstrated to work successfully for a few modes [14]. Nevertheless, the need for
multiplexers (MUX) and demultiplexers (DEMUX) are required as critical components to link single-
mode to multimode devices. Previous implementations for the generation of spatial modes were
based on bulk phase masks or integrated devices to directly excite the modes in multimode fibers
[15, 16]. A drawback from phase masks are the large insertion losses and scaling to a high number of
modes is thus severely limited [17, 18]. Alike phase masks, an approach to excite the linear
combination of modes was by spot launching technique by means of bulk optics [19]. Similarly, spot
arrays can be generated by 3D laser inscribed waveguides proving to be a compact and passive
element compatible with multimode fibers [18, 20]. Resonant fiber and waveguide-based mode MUX
such as fused fiber couplers, long period gratings, Y-junctions, and micro-ring resonators have also
been proposed [21, 22]. A solution based on optical fibers has emerged to solve this problematic, the
photonic lantern [23]. These all-fiber devices are able to perform as MUX/DEMUX devices with low-
insertion loss and precise modal control based on the fabrication parameters, proving to be an
exceptional alternative.



[.1.2 OPTICAL MICRO-RING RESONATORS

Optical sensing techniques are currently very popular because of their potential for highly
sensitive detection of micro- and nanometer scale particles; these are also capable of detecting
diminutive change in some materials properties [24, 25]. Non-contact sensing and risk-free
techniques are also available; hence, offering advantages when compared to mechanical and
electrical approaches [26]. Light confinement at micrometric scales is an attractive feature that has
impelled the fabrication of integrated optical elements based on mature technological platforms. An
example of a highly sensitive device, useful for sensing and for light modulation is the micro-ring
resonator. This resonant element confines light at specific wavelengths depending on physical
parameters such as refractive index, geometry, and optical absorption. A slight modification in any
of the resonator parameters will generate a noticeable change in the spectral response.

Fabrication of optical micro-resonators by photolithography processes is a mature technology in
integrated photonics devices [27-30]. Nonetheless, a variety of techniques can be implemented to
fabricate these devices depending on the sought application. Tapered optical fibers are commonly
used in micro-ring devices in order to couple light into micro-spheres or micro-disks [30, 31].
Another fabrication technique involves the entanglement of subwavelength tapered fibers to obtain
a micro-knot. This approach, yields devices with good quality response but involves a high difficulty
of fabrication [30, 32, 33]. Other techniques require special fibers like photonic crystal fibers [34],
thin capillaries [35], or bottle-like resonators [36].

Micro-ring resonators are of great interest due to their wide range of applications. Biosensing is one
of the trendiest applications, since single virus and protein or DNA detection can be accomplished
[24, 30, 37]. Properties of liquids and solutions such as the change in concentrations or refractive
index can also be detected using these elements [38]. Detection and monitoring of thermal effects on
small-scale objects is one of the current challenges that have been recently addressed with micro-
resonators [39]. Development of miniature lasers is another hot topic in photonics, and micro-
resonators have also shown to be useful for implementing micrometer size tunable lasers [40].

[.2  OBJECTIVES

This work focuses on the fabrication and characterization of two optical fiber devices:
photonic lanterns and micro-ring resonators. The key aspects and issues found during the fabrication
processes of both devices are covered in the following sections. A photonic lantern is sought to create
a fiber-based solution for space division multiplexing systems, specifically in the area of optical fiber
communications. In essence, a photonic lantern serves as MUX/DEMUX elements for SDM systems.
The pursuit to establish a standardized fabrication process is investigated in this work, looking to
create photonic lanterns capable of addressing different numbers of modes. Further assessments of

the fabrication process include the conditions to obtain devices with modal selectivity and low losses.

-3-



The suitability of these devices for fiber optic communications is assessed upon evaluating their
modal features, and coupling to multimode fibers. Finally, an alternative approach for the fabrication
of micro-ring resonators is explored, aiming at developing versatile devices. The proposed
fabrication method involves the use of low-cost materials and standard methodologies used for fiber
optic technology. An interesting feature for a wavelength responsive component is a tunable
response. This aspect is studied upon modifying the resonant elements using different materials used
as coatings on the resonators.

The organization of the present dissertation is as follows: In Chapter Il a brief summary of the
fundamentals of light propagation in fiber optics relevant for this work, and the basis of the tapering
and coupling processes are presented. The operation and fabrication principles of the photonic
lanterns and a summary of the required parameters to obtain modal selectivity, as well as the
characterization of the fabricated devices, are described in Chapter III. Chapter IV covers an
alternative way to fabricate micro-ring resonators based on a functional polymer multilayers
approach and the considerations to be taken into account for these devices. Finally, in Chapter V the
conclusions and future work are presented. A list of the publications resulting from the entire
research conducted during my PhD studies is included in Appendix B.



CHAPTER II: FIBER OPTICS
FUNDAMENTALS-PROPAGATION,
TAPERING, AND COUPLING PROCESS

Optical fibers are dielectric waveguides with cylindrical geometries formed by two concentric
structures: a core and a cladding [1, 2, 41]. Light is confined and transmitted through this structure
travelling mostly within the core, while the cladding serves as an isolation medium around the core.
Propagation of light in waveguides can be analyzed by geometrical optics approach based on Snell’s
law, describing the total reflection of light inside dielectric structures [1, 41]. This phenomenon is
due different refractive indices of the materials used in the cladding and the core, and ultimately

defines the propagation features of the light in the fiber waveguide.

Depending on the physical characteristics of the fiber, a certain number of rays will be totally
reflected within the core/cladding interface and these represent the optical paths, or modes, that
light can follow inside the waveguide. A single-mode fiber (SMF) results when only one trajectory is
allowed; if multiple trajectories are allowed, the waveguide is defined as a multimode fiber (MMF).
While the diameter of the cladding can range from micrometers to a few millimeters, the core is
usually of a few micrometers. Fabrication of fiber-based devices, such as photonic lanterns and
micro-resonators, requires full understanding of light propagation in optical fibers. Hence, a detailed
description of light propagation in these waveguides will be discussed in the following section.

II.1 PROPAGATION OF LIGHT IN OPTICAL FIBERS

A formal description of light propagation in waveguides with dimensions close to the
wavelength requires wave theory. The propagation characteristics within a waveguide can be
obtained using Maxwell’s equations. For media with no charge, lossless, linear, and isotropic, the
electric (E) and magnetic (B) fields are described by [1, 2, 41]:

VxE=—@ <I.1>

VxH =@ <Il.2>
ot

V-D=0 <I1.3>



V-B=0 <Il.4>

D and B are the electric and magnetic flux densities, respectively. These parameters are defined by
the constitutive relations:

D=¢E <Il.5>

B=uH <Il.6>

where ¢ and p are the permittivity and permeability of the medium, respectively.

Upon applying the curl, and after some manipulations of the above equations (</I.1> and <II.2>), the
wave equation for E and H can be obtained as:

0 0 o(o o°
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Using the vector identity VXVxA=V (V . A) -V?A on <I1.7> and <I1.8>, it yields in:
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Typically, the E-field equation is solved in terms of a harmonic function in the time domain with the
form ¢ [t i(%)} = cos[a)(t + %)} , where @ is the angular frequency (COZ rf ),fis the frequency,
and v the phase velocity. Further simplifications can be made upon considering field propagation

jot
along the z-axis and using the complex form e . . The propagation constant, g, is defined as the

phase shift rate of the wave when traveling a given distance in z. Alternatively, this can also be defined

as = % . Using the phasor representation, and defining k= a)\/,tz, the wave equations for the
electric and magnetic fields yields the Helmholtz equations [1, 41]:

V’E+K?’E=0 <IL11>

VH+k’H=0 <Il.12>

For light propagation in one direction (z-direction) through the waveguide and assuming a planar
wave in the xy-plane, the propagation constant is given by:



B=k=nk, =\ ue <Il.13>
where kj is the propagation constant in free space. Propagation in the z-direction can be represented
by a factor e—jﬂz and this result in the following expressions for the electric and magnetic fields:

E=E(x,y.z)=E,(x y)e " <I.14>
H=H(xy z)=H,(x y)e " <Il.15>
The resulting Helmholtz equations are then given by:
V2E0+(k2—ﬂ2)Eo =0 <IL.16>
V2H0+(k2—ﬂ2)H0=0 <I.17>
Then, the refractive index can be described as the impedance of the medium as:

5 = % = ﬁ <I.18>

H, K g

n

Light confinement and propagation in optical fibers is described in terms of the guiding structure. As
the fibers possess cylindrical geometry, it is convenient to use cylindrical coordinates: radius r,
azimuthal angle 6, and z. Figure II-1 shows a schematic representation of an optical fiber, with a core
of radius a surrounded by the cladding, and with a step-index variation.

n 0<r<a, core
n(r){ © <Il.19>

r>a, cladding

cl

Cladding

Fig. Il - 1. Step-index optical fiber scheme and its refractive index profile.

To fulfill the total internal reflection criteria, the relationship Ny, > has to be satisfied. Hence, light

confinement within the optical fiber is defined in terms of the materials and their refractive indices.
For a step-index fiber, such as the one depicted in Figure 1I-1, the difference in refractive indices is
customarily defined as [1, 2, 41, 42]:



2 2
n,—n n,—n
A —_ _¢o > cl ~ 00 cl - <Il.20>
2n;, n n

Typically, in optical fibers only a small number of trajectories or modes are desired to be transmitted.
Such a goal is achieved with small core diameters and by generating a very low-refractive index

difference among the core and cladding materials ( o / n, = ) [2]. Under these circumstances only
one or few modes are allowed to be transmitted, suppressing the rest of the modes. This condition is
defined as the weakly guiding approximation.

Another important parameter is the maximum acceptance angle of incidence (HMaX) for which the

light rays can be confined in the waveguide. This angle is defined in terms of the numerical aperture,

NA, defined as:
NA(r)= /nfo(r)—ncz, <Il.21>
For simplicity, in what follows only step-index fibers operating in the weakly guiding approximation

will be considered to analyze the electric field propagation in optical fibers.

Given the cylindrical geometry of the fibers, transverse fields with an arbitrary state of polarization
can be considered for the propagation analysis. The axial components of the electromagnetic wave,

Eo and Hy, can be obtained considering a general function ¥ = I,V( r ¢), and the Helmholtz equation [2,
41, 42]:

V2w+(k2—ﬂ2)l//=0 <I1.22>

The transverse field variations are defined only in terms of r and ¢; then, using the Laplacian in
cylindrical coordinates the above equation is explicitly:
0 dy 1 loy 1 ol oIy

- B = <I.23>
P +r o +[k (r)-p ]1// 0 11,23

Each of the solutions for Eq. </I.23> represents a mode traveling along the z-direction. These can be
obtained using separation of variables. First, azimuthal symmetry allows for 2 7—periodic solutions

in ¢; hence, the full solution will read:
w(r.g.2)=R(r)®(g)e”* =R(r)e ™e <l1.24>
where p is an integer (p=0,1,2,...). Substitution of this function in Eq. <I1.23> yields the
corresponding equation for the radial coordinate, R(r):
o°R 1R
k? =0 <l1.25>
ar’ ror [ (r)-#"- }
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Since the energy distribution inside the fiber is determined by the physical properties of the
structure, the solutions of the wave equation allow for multiple propagating modes. The field
distribution on the optical fiber is then established by the core-cladding existing boundary, and two

regimes can be defined owing to these sections:

2
n <f—<nco, guided mode (r <a)
0

2
B
0<—2<ncl,

0

<I.26>

radiated mode (r > a)

It is convenient to separate both regions using the following definitions:

U =ak2n? — g <l.27>
W =a,/p° —kIn] <ll.28>

Using these, Eq. <I.25> can be separated in two independent equations, one for the core and one for
the cladding:

2 2
@+l@+ %_p_z R=0, r<a
or ror [a° r° |
_ . <I.29>
8R+18R+ ﬂ2+p_2 R=0, r>a
or? ror la” ro |

The solutions for these equations are in the form of Bessel functions Jp (first kind Bessel function)

and K p (modified Bessel function), where p is the order of the corresponding function. Considering

the components of the propagated wave, the solutions for E and H are then obtained in the z-direction
as [1, 2,41]:

(U%)sm pge”, r<a

E,= <I1.30>

Kp(W%)sm pg)e”, r>a

<I.31>

(
BZKp(W%)cos pge”, r>a

where A1, and Bi; are constants. The radial distribution of the electromagnetic field defined by Jp

show an oscillatory behavior inside the core region. Resulting number of oscillations for each mode



will depend on the order p, decreasing in amplitude in the radial direction. Similarly, the Kp

functions define an exponential decay in the field distribution, and a larger value for p indicates a
more rapid decay. This decaying field in the cladding region is known as the evanescent field in
optical fibers.

II.1.1 MODES IN OPTICAL FIBERS

The solutions of the wave equation determine the multiple modes of the electric and magnetic
fields able to propagate inside the core. These solutions define the propagation constants and hence,
the modal refractive indices, which are also affected by the core. Since the physical properties of the
structure determine the number of modes, fibers with a large core diameter or large refractive index
difference are generally capable of supporting numerous modes. The weakly guiding approximation
provides a useful means to simplify the analysis of light propagation with scalar calculations in
optical fibers [2, 41-43].

In general, fibers can support different EM wave polarizations: transverse electrical (TE), transverse
magnetic (TM), or hybrid modes, as in the case of skewed rays (EH and HE). For each of these
polarizations, a corresponding solution can be found. However, using the weakly guiding
approximation, several TE, TM, EH, and HE modes will have the same propagation constants, i.e,, they
become degenerate modes. Hence, aggrupation of modes with the same f can be denoted as linearly
polarized modes, or LP modes. The solutions are then given in terms of the LP;, modes, in which [
and m represent the azimuthal and radial indices of the modes, respectively. These new sets of indices
are related to the index p (with multiple solutions of my, order) as [2, 41]:

1 TE,,T™M,, (m=0)
| =< p+1 EH,, (m=>1) <l.32>
p-1 HE,, (m=>1)

LP;» modes arise from the assumption of a wave maintaining its polarization during propagation;
superposition of degenerate modes is also considered. The values for the subscript / indicate the half
of the minima or maxima in the intensity pattern, whereas the values of m represent the number of
maxima along the radial direction. It is worth mentioning that for all of the LP modes, with exception
of the LPon, there will be a set of two degenerate modes, a and b. The only difference between these
degenerate modes is a rotation, yielding a swapping between the minima and maxima in the intensity
patterns. Examples of intensity profiles for the twelve lower order LP modes in step-index fibers are
shown in Figure II-2. This classification of modes is used in practice to describe the field-intensity
profile of the modes. However, during propagation, energy exchange can occur among modes with
similar propagation constant, such as the degenerate modes [2, 41, 44]. Table II-1 lists the degenerate
modes of the LP modes shown in Figure II-2.
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Table Il - 1. List of LP fiber modes and their corresponding degenerate modes [41].

LP mode Degenerate modes

LPo1 HE11

LP11 TEo1, TMo1, HE21
LP21 EH11, HE31
LPo2 HE12

LP31 EHz21, HE41
LP12 TEo2, TMoz, HE22
LP41 EHs1, HEs:
LP22 EH12, HE32
LPo3 HE13

LPs1 EH41, HE61
LP32 EH22, HE42
LP13 TEo3, TMos, HE23

083083220238

"O0°

Fig. Il - 2. Field-intensity distributions of the first twelve lower order LP modes.

"OOBO

Py LPos

LPos3 LP;1 LP3s LP13

An important parameter, useful to estimate the number of modes and the corresponding propagation
constants is the normalized frequency, also called the V-number, calculated as [1, 2, 41, 42]:

V =JU?+W? =k,and —nj = % NA <IL.33>

Finally, a complete description of the propagating modes in fibers requires the propagation constant
ﬂ|m for each LP mode. These can be obtained in terms of the normalized propagation constant, b,
given by:
bzl—u—zz:W—ZZ:—’Zgzz_ncz'f‘?2 <I1.34>
Ve Vo nLks —nik,
The range of values that b can take is 0<b <1, where the normalized cutoff frequency is obtained for

b = 0. Hence, the propagation constant for each mode can be determined by [41, 42]:

2

o =Nykov/1+ 2bA =k, (1+bA ) =n k| 1+A

</.35>

A plot of the normalized propagation constant as a function of the normalized frequency is shown in
Figure II-3.
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Fig. Il - 3. Propagation of the LP modes (marked in the corresponding plot) dependent of normalized propagation constant (b) as

function of the normalized frequency (V) in step-index fibers. Taken from [2].
It is clear from Figure II-3 that for a fixed value of V, only a given number of modes can propagate in
a step-index fiber. Single-mode operation for a fiber guiding only the LPo; is achieved when
V <2.405. Larger values of V will result in a fiber capable of supporting propagation of multiple
modes (i.e., a multimode fiber). Increasing V will therefore increase the number of modes transmitted
in a fiber (see Eq. </1.33>). In practice, this is achieved using a larger core diameter, or upon
increasing the difference in refractive indices of the fiber. In MMFs with a large value of V, the number
of modes (N) can be estimated as [23, 42]:

N~— <I.36>

Habitual core sizes for SMFs used in the telecommunications area range between 4 to 10 um, whereas
for MMFs the core sizes range from 50 to 62.5 pum. For both types of fibers, the outer diameter
(cladding size) is typically 125 um [45-47]. In the last few years, few-mode fibers (FMFs) have
attracted a lot of attention due to their capability to operate in the multimode regime, but only
propagating a few lower order modes [48, 49]. This type of fiber has been used mostly for optical
telecommunications, and in particular in the area of space division multiplexing, employing each
mode as an independent channel for data transmission [11, 14, 50]. To date, FMFs are intended to
transmit 3, 6, and 9 LP modes with minimum crosstalk [49-53].
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II.1.2 GRADED-INDEX FIBERS

In graded-index fibers (GIFs), the value of the refractive index increases gradually from the
cladding-core boundary to the center of the core to reach its maximum value. Such a refractive index
profile is commonly used to compensate the difference of group velocities of the different modes
propagating in MMFs. As a consequence of the gradual variation in refractive index, rays propagating
in the core will propagate along curved trajectories as opposed to straight ones, as observed in step-
index fibers. Light propagation in GIFs is described using the same equations exposed in the previous
section. However, some important variations in the mathematical description arise from considering
the radial variation in refractive index. Nonetheless, the propagation constants may also be obtained
for each mode using approximated solutions for the appropriate equations [2, 42, 44].

A description of the core refractive index distribution in GIFs is typically given by the function:

q
n?(r)=na {1—2A(%j } <1.37>

The steepness of the refractive index profile is determined by the grade profile parameter q.If q=1,
the change in refractive index will be a linear function of r, whereas if =, the function represents

a step-index profile. The refractive index distribution in the core of the fibers is shown in Figure 11-4,
illustrating the resulting index profiles for different values of q [1, 2, 42]. GIFs usually support several
or many modes; an estimate of the number of modes can be made upon proper modifications of
Eq. <I1.36> taking into account the grade profile parameter:

q 2
Nre——V
2(2+q)

<I1.38>

For graded-index fibers another criterion is preferred to group the propagated LP modes. Upon
considering the refractive index profile, solutions of the propagation constants in GIFs can be
obtained by [2, 44]:

(1.39)

V j%JrZ %

=kn. |1-2A| —
ﬂ co (N

where the principal mode groups are defined by integer solutions of the mode group number (M),
defined as [44, 45]:

M=2m+1-1 (1.40)
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Fig. Il - 4. Refractive index distribution of graded index fibers with different grade profile parameter (q).

The use of GIFs represents an advantage when multimode signals are required to be transmitted [45,
46]. Due to its refractive index profile, the propagation of the fundamental mode in this type of fiber
is favored over the other supported modes. As a reason of this, GIFs help to improve the losses when
fibers are subjected to tapering or fusing processes, as will be discussed in following sections.

Table Il - 2. List of LP fiber modes corresponding to the different mode groups classification (M).

Mode Group (M) 1 2 3 4 5 6

LP mode LPo: LP11 LP21, LPo LPs1, LP12 LP41, LP22, LPs1, LP32,
LPo3 LP13

II.2 FABRICATION OF TAPERED OPTICAL FIBERS

Passive optical fiber devices are key elements for a wide variety of applications and
construction of optical systems. Many of these devices are constructed employing tapered sections
of optical fibers [54, 55]. The main purpose of tapered optical fibers is to gradually reduce the fiber
core in order to expose the optical wave to the surrounding media. Fabrication of fused fiber couplers
[56, 57], enhancement of nonlinear effects [58], spectral filtering [59], sensing [60, 61], and mode
coupling [62], are some of the most reported applications of tapered optical fibers. Tapering down
optical fibers involves a reduction of the whole waveguide, cladding and core. The structure resulting
from this process comprises three sections: the fiber without tapering, the transition sections, and
the waist of the taper. The latter is the section with the smallest constant diameter, with sizes ranging
from a few micrometers to submicron diameters. Change from the non-tapered fiber to the waist,
and vice versa, takes place in the transition sections [54]. A schematic representation of a tapered
optical fiber is shown in Figure II-5.

Light confinement in tapered fibers is diminished at the core upon its reduction. As the radius of the
core decreases the effective refractive index of the core decrease as well, causing some coupling of
light towards the cladding. When the tapering process continues until reaching a core size smaller
than the wavelength, the light will no longer be confined and total coupling of light into the cladding
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will occur. In this case, the wave guiding conditions are determined mainly by the cladding material
and the surrounding media, since the core is no longer able to confine the light. A consequence of this
condition is the exposure of the evanescent wave to the external media, providing the possibility of
interaction of the optical wave with other structures or other materials surrounding the tapered
section.

Optical fiber ~ Transition =~ Waist  Transition  Optical fiber

r \ i E cladding /

7 : —COre o)

T T T —\

Fig. Il - 5. Schematic representation of a tapered optical fiber.

Optical fibers are tapered following a process of heating and pulling until reaching the desired
diameter. Heating of the fibers can be done following a few approaches: by using a flame torch, by
absorption of laser light, with an electrical micro furnace, and by arc discharge from electrodes [54,
63-65]. In this work, the first two methods were used to fabricate fiber optic micro-resonators and
photonic lanterns, and these will be discussed in the following sections.

I1.2.1 ADIABATIC TAPERED FIBERS

Losses resulting from the tapering process are originated by a sudden change in the
dimensions of the fiber affecting the propagation conditions, and provoking imminent light leaking
from the core. To avoid these losses, the changes in the structure must be performed at a very slow
rate ensuring an adiabatic change in diameter [55]. An adiabatic taper will prevent the fundamental
mode (LPo1) to couple to any cladding modes, thereby resulting in zero or negligible loss. Ideally, the
transition sections should be extremely long with a progressive minimum change in diameter.
However, practical fabrication of these devices does not allow for these conditions since an infinite
transition section will be required [54, 66, 67]. In multimode fibers one of the effects is the reduction
in the V-number, resulting in the conversion of the supported highest order modes into cladding

modes.

A criterion typically used to define if a tapered fiber is adiabatic, is defined in terms of the local length-
scale of the taper (z:), and the beat length, z;, defined as the propagation length required for the LPo:
and the LPy; modes couple [55]. In weakly guiding fibers, such as the case of SMFs, light couples to
the cladding material in which the higher order modes can be excited if the tapering process is not
adiabatic. Determination of z: depends on the taper angle Q2 = 3(z), and the radius of the core as a

function of the length r = r(z), given by [54, 55, 68]:
z, = %2 <I.41>
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dr

Q(z)=tan™
(z)=tan .

<I.42>

For an axially symmetric tapered fiber, the LPo1 mode will only couple to azimuthally symmetric
higher order modes (LPom) propagating at the cladding material. Hence, z, depends on the
propagation constants of the LPo; mode, £, and the second mode to couple, £, resulting in:

, 2w
’ ﬂl_ﬂz

If 7 7, light coupling from the fundamental mode to other modes is negligible and the taper is

<I.43>

considered adiabatic. In contrast, a taper is considered as “lossy” taper when Z, = .

As previously said, light confinement in tapers is lost when the core is reduced to a diameter
comparable to the wavelength of the signal [54, 55]. A more accurate definition for this condition is
given in terms of the core and cladding mode cutoffs. In practice, a simplified method to find this
point guiding transition is by directly using the physical parameters of the fiber. Then, a cutoff V-
number (V) depending of the core and cladding radii (r¢;) can be defined as [55, 68]:

2
vV = [——= <Il.44>

el

As an example, for typical step-index SMFs with core and cladding diameters of 8.2 and 125 pum,
respectively, a value of v_~0.85 indicates when the light starts to couple from the core to the cladding

[46].

I1.2.2 FABRICATION USING THE FLAME TORCH APPROACH

The tapering process by flame torch is one of the most widely used techniques owing to its
low complexity and high potential to fabricate axisymmetric submicron diameter tapers. A large
number of tapering techniques have been developed aiming at achieving full control of the shape of
the taper to comply with the adiabatic requirement and thus yielding low-loss devices [54, 61, 63-65,
69, 70]. The heat-brushing technique is the most popular approach, and this relies on a flame torch
traveling back and forth across the tapering section of the fiber under tensile stretching [54]. A
moving torch allows for defining a desired taper shape with high exactitude, which is hard to obtain
using only a stationary flame. Improvements of this technique have been developed in order to
achieve a better control, avoid imperfections, and possible mismatch generated by every sweep of

the flame [63, 64]. The fuels used for the torch are mainly butane or hydrogen gas; while the former

-16 -



is a low-cost and widely available option, the latter provides a cleaner flame minimizing the

generation of potential impurities affecting the surface of the devices.

In the heat-brushing technique, a heating zone over a section of the fiber is produced by a flame torch;
simultaneously, the fiber is pulled at both ends in opposite directions. The heating and pulling
processes are usually performed sweeping at constant speed and tension, respectively. However, the
hot-zone can vary in length to obtain different transition profiles [54, 63, 64, 69]. Heating of the fibers
must ensure the necessary softening of the glass in order to be deformable under the applied tensile
force. For silica fibers, a temperature of around 1700 °C is required to make sure that the melting
point is reached. A schematic of this process is illustrated in Figure II-6.

0 , 0)

&
L(2)

T 0

Fig. Il - 6. Schematic of the heat-brushing method for tapering optical fibers.

Profiles of the waist radius and transition can be obtained considering conservation of mass as the
fiber is stretched over time. The final length of the taper (z,) will depend on length of the hot-zone
(L) and the fiber radius r(z). Initially, the length of the hot-zone is defined as Lo, although this might

increase as the process takes place. The condition for an adiabatic process is taken into account upon
considering that ‘al’/ﬁz‘ < 1. Following the considerations of mass conservation, the variation of the
waist radius (rw) along the total extension of the fiber is given by [54]:

er T <Il.45>

dz 2L

At the end of the process, the length of the waist (1) will be the same as the length of the hot-zone or
final scanning length of the torch. Thus, the variation of r,, is obtained integrating <I.45> with an

initial condition I, (0) =1, where ry is the initial radius of the fiber, and an adjustable hot-zone length

L(z). The resulting expression is:

1¢ d
r,(z)=r,exp _E-([Tzz) <IL46>

Further simplifications can be considered from this expression: a constant hot-zone is obtained when
the swept length of the torch is fixed, and a linear hot-zone variation results when the initial and final
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torch swept lengths are different. Both practical scenarios can be represented mathematically
considering [54]:

L(z)=L,, constant hot-zone .
<I.4/>
L(z)=L,+az,, linearly variable hot-zone
Using these expression in <I1.46> and upon integration we obtain:
(&)
re '/, constant hot-zone
r(z)= ) = <ll.48>
al . .
r, {1+ m} : linearly variable hot-zone
-a

where « is a constant indicating the relative rate of the hot-zone change and the taper elongation. It

is worth to name special cases for certain values of aresulting in very well defined shapes:
» «a=-0.5, linear transitions to the waist diameter.
» «a =0, exponential transitions (same case as a constant hot-zone).
» «a —1, no transitions, an abrupt change to the waist diameter.

The flame torch tapering approach is ideal for tapering small diameter fibers (e.g., standard SMF with
125 pm) and reaching submicron sizes. However, if thicker fibers or glass elements are to be tapered,
other methods have proven to be more effective.

I1.2.3 FABRICATION USING THE LASER ABSORPTION APPROACH

An alternative to the flame torch technique is the use of light-induced heating by means of a
laser source. This technique is based on absorption of light by the materials of the fiber and the
subsequent increase in temperature. For silica-based fibers the most commonly employed type of
laser is the CO; laser, operating in the mid-infrared wavelengths [71]. Among other advantages, this
approach provides highly localized heating, quick adjustment of the temperature, and does not
require special operational environments. Because the heat source is a light beam, optical elements

such as lenses and mirrors can also be used to reshape the beam spot and adjust the hot-zone.

Until recently, the most popular use for CO; lasers in fiber optics was the fabrication of fiber devices
such as long period gratings, as well as for collapsing photonic crystal fibers [72]. Due to the
capabilities of this approach to obtain a localized heating section, as well as the possibility to control
the temperature in a precise manner, CO; lasers have recently become an attractive solution for
fabrication of tapered-fiber devices. In contrast to the flame brushing technique, the CO; laser
remains at a fixed position while the fiber is pulled and displaced across the hot-zone to achieve the
desired shape in the taper [71, 73]. This is known as the heat-and-pull method.
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A reduction in the diameter of the fiber is achieved by pulling and feeding the material at different
speeds. This process modifies the diameter of the fiber when passing through the hot-zone, relying
on mass conservation. The initial and final diameters of the device, di and d respectively, are related

to the pulling and feeding speeds, vi and v, respectively, as (d1 /d, )2 =V, /V, . Speed variation profiles

will determine the shape of the transitions. An illustration of the heat-and-pull technique is shown in
Figure I1-7.

Hot-zone

Fig. Il - 7. lllustration of the heat-and-pull technique used for fiber tapering.

I1.2.4 LIGHT COUPLING IN TAPERED FIBERS

Evanescent wave coupling is typically used to fabricate splitters/combiners, long period
gratings, resonators, and nonlinear components [56, 57, 60, 61]. In the context of this work, the
operational principle of the fabricated fiber devices is explained in terms of the evanescent coupling
effect. Let us begin with the case of two parallel fibers fused and tapered down together. The crucial
section of the device to analyze is the transition section as opposed to the waist section, where light
will actually be guided by the resulting fused structure. Initially, both fibers are in contact but they

are independent waveguides, without light coupling between the cores, as depicted in Figure 11-8a.

——

13

y ::\\\\: - b) _— 4 c) d)

Fig. Il - 8. lllustration of the cross section of two optical fibers fused and tapered together: a) both fibers before tapering

launching light in one of the fibers, b) transition section with the formation of "supermodes", and c) waist section forming a
higher order mode. Light coupling by from a tapered fiber to another proximate non-tapered fiber.

As both fibers are subjected to the heating and pulling processes, they begin to fuse forming a new
structure composed by both cores and claddings. Along the transition section, there will be a point at
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which light will start coupling from one core to the other. For some adequate length of this section,
directional coupling will occur (Figure I1I-8b) [56, 74]. This particular section of the device will then
present a combination of the individual modes (spots) of the cores, resulting in the so-called
supermodes [75, 76]. The supermodes are a superposition of isolated modes habitually analyzed as
light spot arrays. If the tapering process continues, the supermodes evolve into fiber modes at the
resulting structure, as shown in Figure I1-8c (e.g., the waist of a fused coupler) [56, 75, 76]. Following
this example, a larger number of fibers can then be combined together and scaled to a larger number
of cores. Similarly, if one fiber is tapered down to the point at which light starts leaking from the core
and remains guided in the cladding material, then an external structure can be placed in close contact
to transfer the energy, as illustrated in Figure I1-8d [70, 77]. These effects are used to fabricate
photonic lanterns and fiber micro-resonators, both explained in the following sections.
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CHAPTER III: PHOTONIC LANTERNS

The photonic lantern (PL) is a spatial mode converter connecting multiple single-waveguide
cores to a multicore array. A more common way to describe a PL is to refer to it as a device capable
of coupling light from multiple single-mode fibers (SMFs) to a multimode fiber (MMF), and vice versa
[23, 78]. These devices were foremost developed for astrophysics to capture starlight using the
multimode end and then decompose it on multiple single-Gaussian modes [79, 80]. Later on, these
devices found their use in the telecommunications area serving as multiplexer (MUX) and
demultiplexer (DEMUX) for Spatial Division Multiplexing (SDM) applications. This application in
particular encouraged the improvement of these devices for achieving a more rigorous control over

the modal features obtained at the output end, such as mode selectivity.

Fabrication of fiber photonic lanterns is done by constructing a circular array of multiple fibers,
fusing and stretching them together until the multicore fiber array is formed. Different methods have
been explored to form fiber bundles to accomplish the creation of PLs. The first method consisted in
using a silica cane with an array of air holes, similar to the one employed for photonic crystal fibers
fabrication, allocating individual fibers within the cane and the resulting MMF was surrounded by air
[79]. Onward fabrication processes made use of low-refractive index glass capillaries to enclose all
the fibers, resulting in the creation of a complete few-mode or multimode structure at the tapered
end [23, 81, 82]. An extra method to fabricate the PLs was accomplished by making use of multicore
fibers fabricating a single structure, where upon tapering the structure the multimode (MM) section
was then generated [23]. Alternatively to this last procedure, a photonic crystal fiber with multiple
cores was used as well, collapsing the air holes to generate a MM section [23, 83].

This chapter covers the principles of operation, design, and construction of the PLs. Different devices
fabricated using the heat-and-pull technique are described and the influence of the fabrication
parameters in their modal features are explained. Finally, the characterization of the fabricated PLs
and integration to fiber systems is presented.

II1.1 PRINCIPLES OF FABRICATION AND OPERATION

The basic principle in which the photonic lanterns are based is in the fusing and tapering of
individual fibers. This process generates light coupling among the separate cores of the fibers
yielding a characteristic pattern of light in the resulting structure, which depends mostly on the
coupling and propagation conditions. For this reason, the fabrication parameters will define the

characteristics at the tapered end of the device. Because one of most popular uses for the PLs is in
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telecommunications applications, it is of great interest to achieve operation in wavelengths around
A =1550 nm.

The fabrication method used in this work is based on stacking single-mode optical fibers within a
glass capillary. Due to wave guiding conditions, the glass capillary must have a lower refractive index
than that of the cladding material of the fibers. Once the fibers are placed inside the capillary, the
resulting assembly is then tapered down and fused together until the whole structure collapses. As a
consequence, a waveguide with multimode structure is formed at the tapered end, with the low-index
glass capillary serving as the new cladding for the SMFs material, which in turn functions as the new
core. A schematic representation of a PL can be seen in Figure IlI-1. The spectral features of the
lantern are determined by the following aspects:

» The number and type of fibers used for its construction.

» The position of the fibers inside the capillary.

» The characteristics of the capillary such as refractive index, dimensions, and inner diameter.
>

The tapering ratio.

Fig. lll - 1. lllustration of a Photonic Lantern formed by N input SMFs at one end, merging to originate a MMF capable of support
M number of modes at the output end.

The losses in PLs can be evaluated from the point of view of brightness conservation by analyzing

light coupling from the SMFs to the MMF, and vice versa [23]. An ideal device will conserve all the

energy when operated in both directions. For accomplishing a low-loss system, the number of input

modes (M) and output modes (Moyr) requires to fulfill the condition:

M, =M
IN ouTt <li.1>

Given this, for a number of input modes larger than those supported at the output, there will be some
light that will not couple and will be radiated outside the lantern. An ideal scenario is to have a system
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where M, = M ;. Notice that this condition does not allow a device with a SMF as an input able to

ouT
excite all the modes supported by a MMF at the output. Conversely, it is not possible to have a device
with a MMF input capable of couple all of its modes into a sole SMF. Considering an adiabatic taper
and identically SMFs, the number of fibers used (N) will determine the number of excited modes at
the output MMF [23, 78, 79]. Therefore, according to the directionality, light propagation in PLs in
terms of the individual number modes at the single-mode fibers (Msy) and the multimode side (Mun)
can be summarized by [23, 84, 85]:

Mgy = M,,,, from MMF to SMFs

<lll.2>
Muu = Mg,, from SMF to MMFs

Determination of the excited transmission modes is given by the fiber positions that match those
corresponding to the excitation of the supermodes. For cylindrical geometries, spot arrays
originating supermodes and evolving into LP fiber modes capable of couple to FMF has been carried
out in previous works by Ryf et al. [84]. These spot positions must follow a very specific configuration
depending on the number of LP;, modes. The correct core geometry is formed with a ring equal to
the radial index m, adding a spot at the center every time that m increases. Each one of these rings

consists of a number of fibers following the rule of 2l,,, +1, where Iua is the largest value of the

azimuthal index, [, for each value of m. The positions for the fiber array scaling up to the lowest nine
LP fiber modes including one spot for every non-degenerate mode and two spots per degenerate
mode, are shown in Figure I1I-2. It is important to emphasize that a correct configuration of the fibers
inside the capillary must be achieved; otherwise the spot array will evolve into different supermodes.
Excitation of different supermodes will lead to LP fiber modes that are not supported by the
multimode fused structure, leading to losses by radiation modes. The appropriate locations of the
spot arrays have been tested by numerical simulations including modal analysis, coupled mode
theory, and beam propagation method (BPM) [75, 76, 85,].
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Fig. Ill - 2. Spot arrangements of supermodes to excite fiber LP modes [84].

The low-refractive index capillary in the PL is a key component serving for a couple of functions.
Firstly, it serves as container for the fibers, and the inner diameter must be adequate to contain the
required number of the fibers necessary to obtain the desired number of LP modes. The thickness of
the capillary is also important to guarantee a complete confinement of the evanescent wave, and the
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outer diameter must also be adequate to end up with a proper final diameter compatible with FMFs
for further coupling. The second function of the capillary is for the definition of light propagation in
the MM tapered end. In this case, the relevant parameter to consider is the difference in refractive
index between the glass capillary and the fibers ( An); this affects the V-number and hence, the
number of modes allowed at the tapered end.

Given the previous considerations and following the tapering process and adiabatic conditions
exposed in sections 11.2.1 and 11.2.2, formation of the modes takes place at the transition section. For
a better description of the process, let us consider the case of a device consisting of two fibers
(stage I). As the whole structure fuses together and starts to reduce in size, the effective refractive
index (nes) decreases causing a less confined single-mode at each of the SMF cores evolving into N
degenerate supermodes (stage I/I). When the reduction in the cores is such that light extends
considerably into the surroundings, interaction with the neighboring cores starts to take place
leading to energy coupling (stage III). In this exact stage of the tapering process, the number of
supermodes (N ) starts to split into a number of N non-degenerate modes. If the tapering process is
continued after this stage (IV), the structure will have smaller cores reaching the core-mode cutoff,
and a different n.yfor each non-degenerate mode depending on the surrounding cores. At this stage
light guidance is determined by the low-refractive index capillary. Once this point is reached, the
cores will no longer guide light and will couple to the whole structure, causing that each non-
degenerate mode will evolve into N LP fiber modes [23, 78]. Then, the final diameter of the lantern is
obtained from the tapering ratio established during the design stage of the device (stage V).
Figure III-3 illustrates the energy coupling process and mode evolution along a tapered structure.

I

Fig. Ill - 3. lllustration of the energy coupling and mode evolution at tapering process of the PLs at different stages.

Along with An, the final radius of the new core of the MM side of the lantern also plays a role in the
number of modes that will propagate. An estimation of the number of modes supported at the
multimode side of the lantern can be obtained using Eq. <I/.38>. The number of fibers used for the
construction of the PL also determines the size of the core since the material of each fiber contributes
in its formation. Figure I1I-3 shows light coupling at the different stages of the fabrication process;
whereas in Figure I11-4, the microscope images of a three fiber PL using identical fibers at different
stages of the fabrication process are presented. A more descriptive theory of the power coupling
occurring at the transition of a fiber array can be found in [82].
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Fig. Ill - 4. Microscope pictures of the cleaved end facet from a three fiber PL showing the energy coupling and mode evolution at
different stages of the tapering process.

[11.1.1 MODAL FEATURES

A better understanding of how light evolves from a SM to a MM signal requires modal
analysis. Works performed by Ledn-Saval et al. [78, 86] and Fontaine et al. [87] demonstrate how
mode evolution takes place along the tapered region upon considering a change in the modal effective
refractive indices, nq The simplest scenario illustrated in the previous section is when all the SMFs
are identical and thus, the propagation constants for each core are the same along the whole
structure. Under these conditions, light will start to couple from each fiber to the multimode structure
in the same region of the taper. Then, the allowed degenerate modes will start to originate almost
simultaneously and propagate through the fused part. Eventually, at certain point of the tapered
section the mode effective index splits for each mode group, originating a break in the degeneracy of
the modes. To exemplify this, Figure II1I-5 shows a plot illustrating the mode evolution for a photonic
lantern fabricated with three identical SMFs [86].

Conventional lantern 1.444
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Fig. lll - 5. Modal evolution simulations for a PL formed by three identical SMFs. Blue and red lines indicate the modes
propagating through the core and the cladding, respectively. Taken from [86].
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PLs fabricated with identical fibers will present a certain degree of coupling to all the possible modes
of the MMF upon launching light into each of the SMF cores. Therefore, the output signal will be a
light pattern composed by the superposition of all the modes. Depending on the core position inside
the fiber array, preferential coupling can also occur since the light coupling will take place at different
positions within the fiber array. Also, scrambling among the modes is caused by structural
imperfections that may occur during the fabrication process [78, 86].

[11.1.2 MODAL SELECTIVITY

Control over mode generation is a desirable feature in multimode devices and systems. Mode-
selective photonic lanterns (MSPLs) are devices in which each individual input fiber excites only one
LP mode at the MM tapered end without any mixing among the supported modes [86, 88]. Devices
with such a feature require different coupling condition for each individual core along the transition
of the tapered section, thereby providing a different evolution of the propagated modes. To obtain
MSPLs, it is necessary to break the degeneracy between the modes of the uncoupled cores, as well as
to provide different propagation constants for each mode. Both of these conditions must be

maintained across the entire transition section of the PLs [86].

Mode selectivity in PLs can be accomplished during the fabrication process by generating different
propagation constants in each fiber. This generates different propagation conditions for the
fundamental mode in each SMF, which in turn will determine the mode to be excited at the MM
output. In other words, each propagation constant (£#) in the SMFs will become the propagation
constant of one LP mode at the MM end. This difference in propagation constants must be adequate
to excite different LP modes in the PLs. For these devices, the largest  will correspond to the lowest
order LP mode of the structure, and the smallest g will correspond to the highest LP mode [86]. A
way to achieve this condition is to use dissimilar fiber cores for the construction of the fiber array,
which can be accomplished in the following ways:

» Using identical core diameters but different An.
» Using different core diameters but the same An.
» Using a combination of both.

In principle, addressing each of the LP modes, including the two degenerate modes a and b when this
is the case, will require one fiber per mode. This of course would require a large number of fibers for
the lantern assembly. Thus, a simplification to achieve this objective consists in only employing a core
size for every LP mode, and breaking the degeneracy of the LPj,. and LP;m, modes with a proper
tapering ratio in the MM end structure. Therefore, the required tapering length is also decreased
since the degeneracy of the modes is broken. To illustrate the modal evolution of a MSPL, a plot from
[86] is shown in Figure I1I-6, demonstrating the modal refractive indices from a PL constructed with
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different sizes for the fiber cores. In this instance, a large core size is used to excite the LPo; mode and
the small core sizes are used for the LP1; modes.

Another kind of mode-selective photonic lanterns can be obtained generating selectivity by mode
groups, leading to the generation of mode-group-selective photonic lanterns (MGS-PLs). These
devices contemplate modes contained in the same group mode that can be addressed using only one
fiber core diameter. The capability to excite all the corresponding modes in that group arise due to
the similar propagation constants in the modes within the same group mode (see Figure I1-2 and
Table I1-2) [89]. MGS-PLs are useful when the fibers in transmission systems generate mixing among
all the modes contained in the same mode group, and independent excitation of each degenerate
mode is unnecessary.

Mode-selective 1.444
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Inner diameter (um)
Fig. lll - 6. Modal evolution simulations for a mode-selective PL formed by dissimilar fibers. Blue and red lines indicate the modes

propagating through the core and the cladding, respectively. Taken from [86].

The modal evolution of the modes propagated inside the core of a PL and a MSPL can be observed in
Figures III-5 and III-6. By comparing both plots, a difference in the mode effective index at the
beginning of the tapering process, caused by different values of £, is notorious when dissimilar fibers
are used for a MSPL. The use of different fibers avoids the mixing of the propagation constants
between both LP modes and the LP11, and LP11, modes are separated at the end of the tapered section.
For this reason, individual excitation for each of the three modes is accessible through different fibers

without the generation of modal mixing.

Construction of the MSPLs requires two fibers for the excitation of the corresponding degenerate
modes for each LP mode, with exception of the LPo» modes. Excitation of each non-degenerate mode
is successfully achieved by only one corresponding fiber core size. Given the vertical symmetric
distribution of the fibers inside the low-index capillaries, the fibers intended for excite the same LP
mode are expected to be placed in reciprocal positions, considering as a reference a vertical axis
crossing through the center of the fiber array. This can be observed in the MSPL schematic shown in
Figure III-6.

In some cases, fibers with larger cores can also be used with the purpose to generate different
propagation constants and obtain mode selectivity in the PLs. However, this results in multimode
propagation within these fibers. Hence, care must be taken in order to excite only the fundamental
mode and thus obtain proper single-mode coupling within the PL. Nonetheless, excitation of the
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fundamental mode is achieved by carefully alignment, considering their operation in the single-mode
regime.

[I1.2 FABRICATION AND MODE PROFILES

Fabrication and characterization of PLs devices were done in two laboratories: the
Microstructured Fibers and Devices Laboratory, under the supervision of Dr. Rodrigo Amezcua-
Correa and Dr. Axel Schiilzgen, at CREOL, the College of Optics and Photonics at the University of
Central Florida (UCF), USA; and in the Optics Communications Laboratories under the supervision of
Dr. Nicolas Fontaine and Dr. Roland Ryf, at Bell Laboratories/Alcatel-Lucent, USA. The relevant
details of the fabrication process of these devices will be covered in the following sections.

I11.2.1 ASSEMBLY AND TAPERING STATIONS

Assembly of the photonic lanterns starts by placing the required number of SMFs inside the
capillaries. These must be placed in the correct positions according the desired number of modes at
the output of the PL. An assembly station consisting of positioning and visualization systems was
built to carry out these actions. The capillaries or microstructured preforms are placed in a special
holder serving also for protection and transportation of the assembled structure (A). The fibers are
inserted without the polymer coating and are fixed on a V-groove on top of the positioning system.
The latter is further contained in an XYZ-translation stage with fine movement (B). An optical
microscope with a long work distance objective comprises the visualization system (C); this is
intended to achieve the correct placement of each fiber within the structure. Once the fibers are set
on the correct position, an additional long-travel linear translation stage (D) is used to insert
completely the fibers inside the capillaries. Additional elements enhancing the station capabilities
include adequate illumination (E) and an electrostatic suppressing system (F). A photograph of the

system is shown in Figure III-7.

Some of the advantages using this station include the visual inspection of the capillaries and
microstructured preforms for identifying possible structural defects. Also, examination of the correct
positioning of the fibers along the entire length of the capillary allows finding bends, twists, or
obstructions of the fibers, which originate mode mixing and losses. Another advantage of the station
is that it minimizes the hand manipulation of the bare fibers within the capillaries, thereby reducing
contamination sources for the assemblies.
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a) b)

Fig. Ill - 7. PLs assembly station. a) Photograph of the system, and b) fibers being placed inside a microstructured preform.

After assembling the fibers/capillary structures these were cleaned and placed inside a glass
processing station. Figure I11-8 shows images of the tapering station used to fabricate the PLs. This is
an AFL Fujikura LZM-100 LAZERMaster that uses a CO; laser to fuse and taper optical fibers and glass
rods/capillaries, and is able to taper cylindrical glass elements with diameters of up to 2 mm [90, 91].
The operational principle of the station is based on the heat-and-pull method, incorporating a
thermal imaging system, which allows for real-time monitoring of the element under heating.
Operation of the system is carried out by computer control allowing to set the relevant fabrication
parameters, such as initial and final diameters (ds, d2), pulling speeds (vi, vz2), taper section lengths,
and laser power. Upon programing these parameters in the control software results in a repeatable
process and hence allows the production of devices with the same features. After the PLs are tapered
to their final diameter, the section of the second transition has to be removed. This is done in the
same tapering station with an in situ cleaving process performed by scribe-scratching and pulling at
a controlled velocity.

In the subsequent sections, the general procedure for the assembly of PLs with 3, 6, 10, and 15 fibers
is described. The requirements to obtain modal selectivity with these devices are also covered.
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Fig. lll - 8. CO; laser tapering station: a) AFL LAZERmaster LZM-100, and b) internal system.

I11.2.2 CAPILLARIES AND MICROSTRUCTURED PREFORMS

The glass capillary in the PLs provides support and adequate enclosing for the optical fibers
within a lower refractive index material (Figure I1I-9). Low-refractive index capillaries include an
inner fluorine-doped layer, which has a refractive index lower than that of silica. Typically, the fibers
are placed in the capillary forming a hexagonal array; however, some configurations to obtain specific
modal patterns require fiber positions that will not fit in a hexagonal pattern (see Figure I1I-2) [80,
84]. This limitation is overcome using capillaries with custom inner structures capable of holding the
fibers with the required geometrical arrangements. PLs requiring these microstructured capillaries
arrangements are those with two or more fiber rings and more than one fiber at the center of the
array [92]. In general, PLs with eight or more optical fibers require the use of these microstructured

capillary arrays. In this work, we fabricated PLs with ten and fifteen optical fibers.

Construction of the microstructured preforms is based on stacking synthetic silica capillaries within
the fluorine-doped tube. These are placed according to the theoretically estimated positions for ten
and fifteen supermodes [84]. Thin silica glass capillaries with high air filling fraction (ID/OD > 0.95)
were used to minimize the inclusion of additional silica material around the fibers, and preserving
the distance between cores for subsequent coupling. The structure of a preform with ten fibers
consists of a central array of three capillaries (ID = 110 um) forming a triangular geometry. These
are then surrounded by a ring array of seven capillaries with an ID = 170 pm. The resulting preform
is then a structure with an OD of 900 pm (see Figure I11-9b). For the preform using fifteen fibers, the
structure requires two arrays of capillaries (ID = 145 um) forming concentric rings of nine and five
capillaries for the outer and inner rings, respectively. This preform also includes additional silica rods
to fill any air gaps between the capillaries and the central region is left empty to hold the fifteenth
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fiber. The resulting structure is a preform with an OD ~ 2 mm. Optical microscope pictures of the ten
and fifteen microstructured preforms can be observed in Figure III-9 compared with a normal
fluorine-doped capillary.

a) b) c)

Fig. Ill - 9. Optical microscope images from the glass capillaries used in the construction of PLs: a) capillary with a fluorine-doped
inner layer used in low-order modes photonic lanterns, and microstructured preforms for higher-order modes lanterns, b) ten
and c) fifteen modes.

Along with the special capillaries, a collection of fibers with different outer and core diameters were
fabricated intended to fit special places within the fiber array in order to generate mode-selective
lanterns. An increase in the number of modes requires increasing the tapering length and as a
consequence the fabrication complexity also increases [83]. Graded-index fibers (GIFs) allow for
larger core sizes with smaller effective mode areas for the LPo; mode compared to step-index fibers.
Thus, the use of GIFs for PL fabrication reduces mode coupling along the tapered transition, shrinking
the length required to achieve an adiabatic transition [23, 93]. For this reason, all the PLs fabricated

used GIFs with An=16x10"" ,unless it is mentioned otherwise. The effects of using step- or graded-
index fibers for PLs fabrication are demonstrated for MSPLs of three and six modes in subsequent

section. All the fibers and capillaries used in this work were fabricated in the fiber draw facilities at
CREOL.

[11.2.3 THREE FIBERS PLS - 2 LP MODES

The basic situation when constructing photonic lanterns requires using only three fibers
inserted in the capillary. Distribution of the fibers takes place in a triangular fashion resulting in a
symmetrical pattern; in this case, fibers with identical outer diameters fit adequately within the
capillary. PLs formed by only three fibers are capable of exciting only two LP modes: LPy: and LP1;.
Assembly of these PLs consisted in placing fibers with an outer diameter of 125 pm in no particular
order within the capillary and then tapering the structure to its final diameter. The fluorine-doped
capillary had a An=-9x10" and an ID = 275 pm, resulting in a PL with NA = 0.16. The fabrication

parameters to successfully obtain three modes PLs required a tapering ratio of 10 with a transition
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section of 50 mm. The end facet of a three modes lantern cleaved at the waist section can be seen in

Figure I1I-10a, showing the triangular geometry of the core with an approximate diameter of 22 um.

Fiber 1 Fiber 2 Fiber 3

» .

Non-mode-selective PL

a) b)

/

Fig. lll - 10. Three fibers photonic lantern. a) End facet cleaved at the waist section. b) Near filed mode profiles from a non-mode-
selective PL at 1550 nm.

Upon coupling light from a superluminiscent diode centered at 1550 nm into each of the input fibers,
it was possible to observe the near field mode profiles at the output end. As expected, the devices
fabricated using standard step-index SMFs yielded a response with no modal selectivity. As shown in
Figure III-11b, the same light patterns are observed when exciting each of the fibers. This is because
each fiber shares the same neighboring conditions (i.e., each fiber has two nearest neighbors). A
triangular shape in the output mode profiles is noticeable owing to the geometry of the PL core
obtained when the capillary collapses and the air gaps within the fibers are filled.

Group 1

LP o1

Near field (1550 nm)

® .
@ @ Far field (1550 nm)

a)

Fig. lll - 11. Three modes mode-selective photonic lantern. a) Fiber core positions, b) near field mode profiles, and c) far field
mode profiles at 1550 nm.
To generate mode selectivity in this kind of PLs, only one of the cores must have a different size. Using
GIFs and a fiber with larger diameter than the ones of the other two fibers, a mode-selective photonic
lantern was thus fabricated. The fiber cores for this device were 13 and 10 um, aiming at exciting the

LPo1 and LP11 modes, respectively. The near field mode profiles at the output of the PL and the fiber
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positions inside the capillary are shown in Figure III-11a and 11b. The evolution of the mode profiles
is observed in the far field mode profiles shown in Figure I1I-11c.

The mode profiles clearly show that the two identical fibers used to excite the same LP;, mode,
produce the corresponding degenerate modes at the output of the PL. In this particular case, the LP11,4
mode is generated by one of the 10 um fiber, whereas the LP11, mode is obtained upon launching
light through the other 10 um fiber.

[11.2.4 Six FIBERS PLS — 4 LP MODES

Handling a larger number of modes in photonic lanterns demands the use of more optical
fibers inside the capillary. The LP modes that can be excited in PLs with six fibers include the LPo;,
LPi1, LP21, and LPg.. For these PLs, the arrangement includes a central fiber with a smaller diameter
than the surrounding five fibers used to complete the array. Hence, the fibers inserted in the fluorine-
doped capillary include five 125 pum OD fibers surrounding an 83-86 um OD fiber. The 375 pm inner
diameter fluorine-doped capillary had a An =-9x107°, yielding a photonic lantern with NA = 0.16.
A tapering ratio of 11.3 with a transition section of 60 mm was required for obtaining these devices.
The core diameter for these PLs was around 27 um, as observed in the cleaved end facet shown in
Figure I1I-12a. The near field mode profiles from non-mode-selective PLs constructed using fiber core
diameters of 13 um are shown in Figure I1I-12b. Notice that the excitation of each fiber produces a
different mode profile in spite of using identical core diameters. The reason of this effect is due to the

different number of neighboring fibers for each one of the fibers forming the PLs.

External fibers Central fiber

Non-mode-selective PL

Fig. lll - 12. Six fibers photonic lantern. a) End facet cleaved at the waist section. b) Near filed mode profiles from a non-mode-
selective PL at 1550 nm.

For the fabrication of MSPLs, four different core diameters (20, 18, 15, and 6 um) were used for
exciting the LPo1, LP11, LP21, and LPo2.modes. The horizontally symmetrical location of the fibers
within the arrangement is depicted in Figure 111-13a. Typically near and far field mode profiles for a
wavelength of 1550 nm obtained at the output of these MSPLs are shown in Figure III-13. For this
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case, the core geometry shows a pentagonal distribution, defining the output light patterns observed
in the near field mode profiles.

Group 1

Near field (1550 nm)

v I

19 ()
a)

Far field (1550 nm)

Fig. Il - 13. Six modes mode-selective photonic lantern. a) Fiber core positions, b) near field mode profiles, and c) far field mode
profiles at 1550 nm.

[I1.2.5 TEN FIBERS PLS - 6 LP MODES

As mentioned in a previous section, scaling to higher order modes PLs involves more
elaborated fiber arrangements. For ten or more fiber devices, the use of microstructured preforms is
mandatory due to the complexity of the fiber arrangements (see Figure I1I-9). For the ten fibers
preform, two different fibers were used: 125 um and 83 um outer diameters. While the fibers with
larger diameter were inserted into capillaries (170 um ID) forming the outer ring of the preform, the
fibers with the smaller diameter were inserted in the three remaining capillaries (110 pwm ID). The
fabrication parameters used for these PLs include a tapering ratio of 16 and a transition length of

57.5 mm to reach the desired reduction in diameter.

The preform was assembled within a fluorine-doped capillary with a An=-16x10", and with an
inner diameter big enough to house the set of smaller capillaries holding the optical fibers. Thus, the
resulting PL yielded a MM output with a NA = 0.216 after the fusing and tapering process. As shown
in Figure I11-14a, the tapered end of the PL exhibits a core size of 27 pm with a more rounded shape
when compared to PLs with a smaller number of fibers. As for the devices described previously, a
non-MSPL was fabricated using fibers with identical core diameters of 13 um. The near field mode
profiles at the output end are shown in Figure I1I-14b. As seen in the figure, similar light patterns at
the PL output are obtained when the central fibers are excited. In contrast, mode mixture can be
clearly observed when light is launched into the surrounding fibers.
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External fibers Central fibers

Non-mode-selective PL

Fig. Ill - 14. Ten fibers photonic lantern. a) End facet cleaved at the waist section. b) Near filed mode profiles from a non-mode-
selective PL at 1550 nm.

The construction of a MSPL with ten fibers results in a device capable of producing the LPos, LP11,
LP21, LPo2, LP31, and LP12 modes. The fibers needed to generate this type of lantern involved core
diameters of 23, 20, 17, 9, 13, and 6 pm, exciting respectively the LP modes listed before. For a
successful excitation of the LP modes, a specific fiber position was necessary, yielding the core
distribution illustrated in Figures I1I-15a. The light patterns generated at the output of the MSPL can
be observed from the near and far field mode profiles shown in Figures III-15b and III-15c,
respectively.

Group 1 Group 2 Group 3
LP o1 LP,, LP,,; LP g,

Near field (1550 nm)
IR
. .
o ¥
D ”» -
D), " ",

D)
Far field (1550 nm)

23 um 20 pm 17 pm

Fig. Il - 15. Ten modes mode-selective photonic lantern. a) Fiber core positions, b) near field mode profiles, and c) far field mode
profiles at 1550 nm.
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A point to highlight for this particular device is the need of a larger core diameter for exciting the LP31
compared to the core size used for the LP3;. Intuitively, one would expect that the LP31 mode would
require a smaller core diameter than that used to excite the LPo; mode; however, experimental
results showed that the opposite was necessary for generating these modes at the MSPL output using
these microstructured preforms. This may be due to the fact that dissimilar cladding fiber diameters
were used for this device, which in turn may affect light coupling conditions. Numerical studies have
shown that the distance among the fiber cores within the structure affect the evolution of the modes
propagating along the MSPL [78, 75]. The use of different microstructured preforms, optical fibers,
or a combination of both, will change the fabrication parameters.

[11.2.6 FIFTEEN FIBERS PLS - 9 LP MODES

The most complex devices to fabricate were the mode-selective photonic lanterns with fifteen
fibers. This sort of PLs was also constructed using a microstructured preform capable of allocating
all the required fibers, forming an array of three concentric layers (see the 15-spot array shown in
Figure I11-2). The fabricated preform had a An=-9x10"° and the glass capillaries had the proper
dimensions to enclose fibers with 125 um cladding diameter. Fabrication parameters for these PLs
comprised a tapering ratio of 20, requiring a 6 cm-long transition section. With these parameters, the
output end of the device is multimodal with 35 pm core diameter, as shown in Figure I1I-16a. Notice

that in contrast with previous devices, the fifteen fiber array yields a PL with circular core geometry.

Non-mode-selective PL

a)

Fig. lll - 16. Fifteen fibers photonic lantern: a) End facet cleaved at the waist section. b) Near filed mode profiles from a non-
mode-selective PL at 1550 nm.

As in previous cases, we first fabricated a PL without modal selectivity, using fifteen fibers with the
same core size (13 pm). The near field patterns obtained with this device are shown in Figure III-16b.
As expected for non-MSPL, modal mixing occurs at the output of the device, showing a response
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comparable to a standard MMF. Evidently, such a device would not provide any significant
advantages for SDM applications or for controlled generation of specific light patterns.

The fifteen fiber MSPLs allowed for the excitation of nine different LP modes and the corresponding
degenerate modes. For these PLs, the accessible modes were the LPo1, LP11, LP21, LPo2, LP31, LP12, LP4y,
LP2,, and LPo3, respectively excited using fibers with core diameters of 30, 28, 23, 20, 17, 15, 13, 10,
and 6 um. To obtain modal selectivity and independent excitation of all the LP fiber modes, the fibers
were allocated within the preform as shown in Figure I1I-17a. Characterization of these lanterns was
performed observing the near and far mode profiles produced upon launching light into each of the
different cores. In Figure 11I-17, the mode profiles obtained from a series of fifteen fiber MSPLs are
shown (the degenerate modes are not included).
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Far field (1550 nm)
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23 um 20 pm 17 pm 15 pm 13 pm

Fig. Il - 17. Fifteen modes mode-selective photonic lantern. a) Fiber core positions. b) Near field mode profiles, and c) far field
mode profiles at 1550 nm (only one degenerate mode per fiber core size is shown).

Although these devices were successfully fabricated and showed good modal selectivity, the
scalability to obtain full-modal selectivity exciting each of the available LP modes individually,
involves an increase in fabrication complexity. For instance, fabrication of MSPLs with a large number
of LP modes will require an equal number of fibers with different core diameters. It must be pointed
out that higher order modes will be more susceptible to mixing in the presence of minor
imperfections due to the similarity in propagation constant. For this purpose, the available range of
p values for the fiber cores needs to be large enough to completely avoid mode mixing; a larger
transition section in the taper will also be required. An additional aspect is related to the
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microstructured preforms, which involves the fabrication of more elaborated structures;
nonetheless, the same fabrication technique can be used.

An alternative to manufacture PLs with a large number of fibers is to address each mode through
group modal selectivity (MGS-PL). In contrast to the MSPLs, this approach requires a smaller
difference in propagation constants or fiber core diameters in order to address each mode group. In
this case, the structure allows isolating the modes by groups, although mixing can occur among the
modes within the same group. Isolation of the modal group is achieved upon using fibers with
different core sizes, one size for each modal group. This sort of PL is suitable for applications where
mixing between modes comprised in the same group mode is acceptable (e.g., in telecommunications
using FMFs in which mode mixing usually occurs).

The construction of the MGS-PLs for 5 mode groups was accomplished using core diameters of 30,
28, 23,17, and 8 um corresponding to the mode groups 1, 2, 3, 4, and 5. The fiber core distribution
inside the preform illustrated in Figure I1I-18a follows the same order in core diameters used in the
case of the MSPLs, with the larger core diameters in the outer ring of the fiber array and the fiber
with the largest core at the top position. The characteristic near field-intensity profiles obtained at
the output of the device demonstrates an evident mode mixing (Figure 11I-18b). The resulting light
patterns are composed by the superposition of the available LP fiber modes and their corresponding
degenerate modes within the mode group; this can be readily observed in groups 2, 3, and 4.
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Fig. lll - 18. Group-mode-selective photonic lantern. a) Fiber core distribution and b) near field mode profiles at 1550 nm.
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III.3 ADDITIONAL CONSIDERATIONS FOR PL FABRICATION

The optimal fabrication parameters for the described PLs and their characteristics were
covered in the previous sections. However, some variations in the fabrication processes will produce
device with different features that might be important for particular applications or needs. In this
section, we will discuss a few important variations in the fabrication process parameters and their

effect on the resulting PLs.

I11.3.1 STEP-INDEX VS GRADED-INDEX FIBERS

Given the nature of the fabrication process for all-fiber photonic lanterns, the details
involving the adiabatic tapering and fusing of the device are crucial. Increasing the number of modes,
increases the required taper length and thus the PL fabrication complexity [83]. This is evident from
the increased tapering ratio required for the PL as the number of fibers is increased as well. As
explained in section I1.2.1, the transition lengths in a device ultimately determine the mode coupling
and losses of a device, as analyzed for the case of step-index fibers. Graded-index fibers offer the
advantage of low-mode coupling of the fundamental mode to higher order modes over shorter
distances [89, 94]. Therefore, using GIFs reduces mode coupling along the transition zone of the
device allowing for a better confinement of the fundamental mode, yielding shorter devices with

improved losses.

To demonstrate the effect of using graded- and step-index fibers, several photonic lanterns of six
fibers were fabricated. For the PLs fabricated with step-index fibers, well defined mode profiles were
observed for a 6 cm transition length. In contrast, a PL with a transition length of 5 cm showed some
scattered light in the modes, as typically observed in devices with non-adiabatic transition sections.
In comparison, PLs constructed with GIFs preserved the quality of the mode profiles when the taper
transition length was reduced from 6 to 3 cm. Hence, a reduction by a factor of ~ 2 in the tapering
length is obtained when using GIFs, compared to PLs fabricated using step-index fibers. These results
are illustrated in Figure I1I-19, showing the LPo; mode from lanterns fabricated using both types of
fibers with different transition lengths.

a) b)
Fig. lll - 19. Near-field LPo; mode profile from MSPLs with different transitions lengths: (a) step-index and (b) graded-index fibers.

An important parameter that provides information about the performance of the PLs is the mode
purity. This parameter is obtained upon analyzing the intensity distribution of the near field mode
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profiles, quantifying the ratio between the minimum and maximum peak intensities of the lobes. For
the PLs fabricated with step-index fibers, the mode purity changed from -11.76 to -6.73 dB when the
transition length was reduced from 6 to 5 cm. In contrast, for the devices with graded-index fibers a
length reduction in the transition section from 6 to 3 cm only diminished the mode purity from -17.67
to -16.28 dB. Furthermore, this mode purity was preserved even for transition lengths of ~ 4 cm.

I11.3.2 WAVELENGTH DEPENDENCE

The main use of PLs is targeted for telecommunication applications operating in wavelengths
centered at A = 1550 nm. Nonetheless, operation of the PLs at different wavelengths is desirable for
diverse applications. The wavelength dependence of the devices was evaluated using light sources
operating at wavelengths of 980 and 1310 nm. These light sources were launched in the input fibers
of the MSPLs, and the near field mode profiles were obtained for lanterns formed by three, six, ten,
and fifteen fibers. A typical pattern obtained at the tapered end of the MSPLs for A = 980 nm is shown
in Figure I1I-20. While the output mode profiles for the higher order modes are well defined at the
output, the lowest order modes appear like supermodes formed by the light coupled among all the

fiber cores.

From the response of the MSPLs, it is obvious that this behavior is caused due to the small tapering
ratio used to fabricate the device. At this wavelength, light is significantly confined and propagates
inside each independent core in the fiber array, thus yielding an output composed of independent
spots [75, 78]. A similar behavior is observed for a wavelength of A = 1310 nm. Thus, the geometry
of the devices, such as the final diameter, must be chosen adequately for proper operation at shorter
wavelengths.

As a proof of concept, a three fiber MSPL was fabricated by tapering down with a ratio of 14.4. The
near field mode profiles at the output obtained for wavelengths of 980, 1310, and 1550 nm are shown
in Figure 11I-21. While well-defined mode profiles can be appreciated for shorter wavelengths, the
output pattern at 1550 nm shows a partial light leaking from the tapered end due to the small size of
the resulting waveguide.
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Fig. Ill - 21. Near field mode profiles from a three fibers MSPL with a tapering factor of 14.4 at a wavelengths of: a) 980 nm,
b) 1310 nm, and c) 1550 nm.

-41-



[11.3.3 FIBER POSITIONS AND DEFECTS

Photonic lanterns can produce diverse light patterns originated by mode mixing. An example
of this behavior can be found in the mode profiles from MGS-PLs, like those presented in Figure III-
18. These light patterns can be generated when the fiber core diameters used for the PLs construction
are similar in dimensions, thus yielding similar propagation constants in the device resulting in mode
mixing. Another possibility to generate this effect is to use fibers with different diameters but placing
them in different positions inside the low-index capillary or microstructured preform (as in the
MSPLs); hence, the coupling among the different fiber cores will change. Owing to the wide variety of
combinations available during the fabrication process, a large diversity of mode patterns can be
obtained through mode mixing.

To explore this situation, two ten fiber PLs were fabricated using similar fiber core diameters located
at similar positions as those used for the ten fiber. Both modified PLs were based on the structure
shown in Figure III-15: one was fabricated keeping the same fiber positions but reducing the sizes of
two of the fiber cores (one changed from 20 to 17 um and the other from 17 to 15 um); for the second
PL, only one fiber core was reduced (from 17 to 15 um) and two fibers were swapped from their
original positions. The locations of the fibers in the resulting devices are illustrated in Figure I1I-22a
and II1-22c. Both of these PLs were constructed using the same fabrication parameters (e.g., tapering
ratio, length, etc.) as those used for the regular ten fiber PLs described earlier.

Group 1 Group 2 Group 3

Near field (1550 nm)

J -
% .'...‘
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Fig. Il - 22. Ten fiber PLs with different light patterns at the output. Different fiber diameters: a) fiber core distributions and b)
near field mode profiles. Different fiber positions: c) fiber core distributions and d) near field mode profiles.
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Near field patterns obtained at the output of both devices are shown in Figure IlI-22. The first PL
shows a slight but clear mode mixing, causing the characteristic bright spots of the LP modes to look
as “connected” spots; nonetheless, each LP fiber mode can still be identified. The second type of PL
shows stronger mode mixing effects, yielding very different light distributions at the output.
Generation of such responses can be originated from the different light coupling among the different
fiber core diameters. Light exposed from a fiber core will couple first to a neighboring core with a
larger diameter, rather than to one of a smaller diameter. These devices clearly demonstrate that the
choice of diameters for the fiber cores, as well as their position within the fiber array provide a means
for tuning the light patterns generated at the output of these devices.

Defects and imperfections generated during the fabrication process are an important factor to
consider. The most common defects arise from fiber twisting/bending, ellipticity when tapering the
structure, air bubbles, or cracks in the glass capillaries. Figure 1l1I-23.a shows the image of an air
bubble encapsulated in the transition section of a PL. The presence of any of these defects results in
mode mixing at the output of the devices. As an example of this situation, the near field mode profiles
of a fifteen fiber MSPL with imperfections at the fabrication stage are shown in Figure I1I-23 in which

mode mixing is clearly noticeable.

Near field (1550 nm)

a) b)

Fig. Ill - 23. Defect present during the PLs fabrication process: a) image of an air bubble encapsulated in the transition section,
and b) near field mode profiles from a fifteen fiber MISPL with defects.

[11.4 CHARACTERIZATION

Evaluation of the performance of photonic lanterns requires additional characterization. One
aspect to cover includes the analysis of the intensity distribution of the mode profiles. Also, the
evaluation of the PLs when coupled to transmission fibers is a key aspect, since these devices are
designed for their integration in fiber transmission systems. This last feature is generally achieved
by obtaining the transfer matrix of the transmission system, measuring the crosstalk of the devices.

Both aspects are described in the following sections.
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I11.4.1 MODE-INTENSITY PROFILES

Quantification of the mode purities was carried out for each type of MSPL fabricated by
analyzing the intensity distribution from the near field and far field mode profiles. Numerical results
of the mode purities measured for the MSPLs are listed in Table III-1. Typical results for the energy
distribution for each LP mode are presented in Figure 111-24, showing the near field (blue) and far

field (orange) intensity profiles; theoretical mode profiles are also included for a direct comparison
of the intensity distribution.

Table Ill - 1. Near field mode purity analysis of the MSPLs.

Mode Purity (dB)
LP mode 3 fiber MSPL 6 fiber MSPL 10 fiber MSPL 15 fiber MSPL
Near field Near field Near field Near field

LP11 -13.0 -10.5 -12.2 -11.3
LP21 -14.4 -10.2 -11.2
LPo2 -194 -14.2 -13.4
LP31 -12.6 -114
LP12 -11.6 -10.9
LP41 -9.75
LP22 -12

LPo3 -13.1

LP o4 LP 4 LP 54 LP o LP 3 LP 4, LP 44 LP 5 LP o3
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Fig. lll - 24. Mode-intensity profiles from the MSPLs: a) near field and b) far field mode profiles. c) Theoretical light distributions
of the fiber LP modes included for direct comparison.

Measured light maxima of the experimental mode-intensity patterns show a good agreement with
the theoretical light distributions. From analyzing the near and far field-intensity profiles, the peaks
remain within the same spatial allocation indicating mode preservation. However, for some modes

the peak intensity contrast change; specifically for the LPo; and LP12 modes. A relevant feature visible

in the far field mode-intensity profiles is a smoother distribution for the peaks in the plots, as in
contrast for the near field case.
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I11.4.2 FIBER COUPLING: LOSSES AND TRANSFER MATRICES

One of the attractiveness of photonic lanterns is their ease of integration to fiber systems for
signal transmission. A correct pairing between the cores of the PL and the transmission fiber is a
critical factor for a successful alignment and for a full excitation of all the modes supported by the
fiber. Recent research in few-mode fibers (FMFs) has been developed aiming at reducing mode
coupling [49, 95, 96] during transmission as well as at minimizing the differential group delay (DGD)
of the modes [51-53]. FMFs were created for their use in telecommunications but they are also
attractive for sensing applications due to its increased sensitivity to perturbations of higher order
modes [97, 98]. Integration and performance of PLs in fiber systems are commonly tested by coupling
and splicing the lanterns to FMFs, and consecutively evaluating their capabilities to excite and
transmit each of the supported modes. The PLs described in the previous sections were tested with
FMFs supporting 2, 6 and 9 LP fiber modes [52, 53].

Coupling of the PLs to the FMFs was performed in the tapering system, which possesses the capability
of splicing a wide variety of fibers. The PLs are first butt coupled to the FMF and a correct alignment
is verified upon observing the mode profiles at the output end of the fiber. Splicing is then performed
by means of the CO; laser of the tapering system. A thorough evaluation of the PLs/FMFs coupling is
achieved using mode-selective devices since each LP mode can be analyzed independently. The
features of the graded-index FMFs coupled to each of the fabricated MSPLs are listed in Table III-2.

Table Ill - 2. Characteristics of the graded-index fibers coupled to MSPLs.

Fiber ID/OD [um] Spliced to
2 LP modes 14/125 3 fiber PLs
6 LP modes 28/125 6 and 10 fiber PLs
9 LP modes 30/125 Tapered MMF
MMF 50/125 15 fiber PLs

Particular attention was paid in splicing the fifteen fiber PLs due to the low An housing capillary used
for the microstructured preforms. This resulted in a small NA restricting the final diameter of the
device and impeding a direct splice to a 9 LP modes FMF due to modal mismatch. Because the
resulting core diameter of the fifteen fiber PLs is greater than the 9 LP-FMF core (35 pm vs. 30 um)
and the different refractive index profile (step-index vs. graded-index, respectively), an intermediate
standard MMF of 50 um core diameter had to be spliced in between in order to reduce the difference

in core sizes.

The MMF for core matching is further adapted by tapering process, thus reducing the core diameter
to 30 um. Additional tapering of the MMF restricts the propagation of unnecessary modes, thereby
allowing the transmission of only the desired 9 LP modes. Near field mode profiles at the output of
the FMFs spliced to 3, 6, 10, and 15 fiber MSPLs are shown in Figure III-25. As seen in these mode
profiles, conservation of the light patterns generated by the MSPLs is apparent after 2 m of
propagation along the FMF. However, mode mixing of the LP modes within the same group mode is
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evident in the modal patterns. This modal mixing occurs among the radial order modes with the same
azimuthal order between the step-index and the graded-index fibers. Also, this effect can be provoked
due to the use of the intermediate MMF for core size matching.

Further characterization of the devices included measuring the fabrication and coupling losses after
splicing a meter of FMF to the MSPLs. Fabrication losses measured in all the devices were usually in
the range of 0.1 — 0.5 dB. Due to the FMF splice, an increase in losses occurs as the mode group
increases; this effect is known as mode-dependent loss (MDL) [99]. Table III-3 summarizes the
measured coupling losses from splicing the MSPLs to FMFs. For the fifteen fiber devices, MGS-PLs
were used instead of a MSPL because of the additional losses caused by the low-NA preform and

mode mixing.

Table Ill - 3. Coupling losses resulting from MSPLs and FMFs splices.

FMF Splicing Losses [dB]

LP mode
3 fiber MSPL 6 fiber MSPL 10 fiber MSPL 15 fiber GMS-PL

LPo1 0.3 0.17334 0.405 0.34
LP11 -- 0.22998 0.46 0.96
LP21 0.15619 0.82

1.11667
LPo2 0.54167 1.52
LP31 1.4275

1.41708
LP12 2.3
LP41
LP22 4.576
LPo3

The PLs performance as MUX and DEMUX devices was tested upon splicing pairs of lanterns onto the
opposite ends of FMFs. Light from a swept wavelength interferometer (SWI) with spatial diversity
was then launched into every single-mode fiber of the MUX, and the output power at each of the
output fibers of the DEMUX was measured with a photodetector. This arrangement allows obtaining
the transfer matrix along the entire C- and L-bands, commonly used in the optical fiber
communications [100]. The transfer matrix of a SDM transmission system plots the normalized
intensities at the inputs and outputs of the PLs used for MUX/DEMUX purposes. An important feature
of this graphic representation is the capability to provide information about crosstalk among the

spatial channels, as well as information regarding mode mixing.
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Fig. Il - 25. Near field mode profiles of the MSPLs spliced to FMFs. a) Three fiber MSPL spliced to a 2 LP mode FMF. b) Six fiber
MSPL spliced to a 6 LP mode FMF. c) Ten fiber MSPL spliced to a 6 LP mode FMF. d) Fifteen fiber MISPL spliced to a MMF and
then to a 9 LP mode FMF.

Ideally, a system with modal selectivity should present zero mixing between modes and crosstalk
should be negligible. For ideal MSPLs and FMF, neither LP modes of the fiber nor their corresponding
degenerate modes should mix, and light launched into a single fiber should exit only at its reciprocal
output fiber [100, 101]. This is illustrated in Figure I11-26a, showing the transfer matrix for this ideal
case. If modal mixing is present at the level of group modes, the total power launched in any single
fiber will be equally distributed only among the fibers corresponding to the same group mode (see
Figures III-26b and III-26¢). In contrast, for a system with no modal selectivity at all, the light
launched at any input fiber will spread evenly among all of the output fibers.
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Fig. lll - 26. Theoretical transfer matrices for ideal mode-selective ten fiber PLs. a) Perfect mode-selective fiber transmission
system without group or degenerate modal mixing. Perfect mode group-selective fiber transmission system: b) fiber to fiber and
¢) mode-group blocks representations. Fiber No. 1 correspond to the lowest order mode, whereas fiber No. 10 correspond to the

highest order mode.

The transfer matrices for the fabricated lanterns were obtained for two cases: one using a
transmission arrangement with mode-selective lanterns (ten fiber MSPLs), and another using
devices without any modal selectivity (fifteen fiber PLs). Experimental data obtained for both
scenarios is plotted in the transfer matrices shown in Figure III-27. As clearly seen in the transfer
matrix of the MSPLs, light is mainly confined in regions corresponding to the mode groups, as
delimited by the square areas marked in dashed lines. For the PLs without modal selectivity, a
random distribution of light is obtained in the transfer matrix.
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Fig. Il - 27. Transfer matrices showing the normalized light intensity. Ten fiber MSPL with a) fiber-to-fiber and b) mode-group
blocks representations. Fifteen fiber PL without modal selectivity with c) fiber to fiber and d) mode-group blocks representations.
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A useful parameter for crosstalk evaluation is the mode selectivity factor. This is defined as the ratio
of the power contained in the desired mode to that obtained for all of the remaining modes within a
mode group. In other words, this parameter compares the light confinement in a mode group in a
MSPL and a non-mode-selective PL. The plot in Figure III-28 shows the comparison of the results
between the two analyzed scenarios. For MSPLs, clear mode selectivity of around 3 dB is achieved
for the second, third, and fourth mode groups. In contrast, for the common PLs the mode selectivity
is negligible, with the exception of the first group mode, which presents mode selectivity similar to
that obtained for a MSPL. This can be attributed to the graded-index of the transmission fibers, which
tend to favor the propagation of the fundamental mode.
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5] ° 15-mode-non MSPL |
>.. -
= ]
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O 21 .
O 93 * .
()] ]
0 24
© 1]
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o
E 04 | T | T |
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Fig. Ill - 28. Comparison between experimental results obtained for photonic lanterns with and without modal selectivity.

The performance of the photonic lanterns indicates how this developing technology possesses the
capabilities to generate specific light patterns. Specific light patterns at the output of these devices
can be obtained by the appropriate selection of the fabrication parameters and fibers characteristics.
An amazing advantage of these all-fiber PLs over other existing technologies is the minimum losses
achievable if the tapering process is completely adiabatic; in fact, all-fiber devices for SDM are
hypothetically lossless. Furthermore, all-fiber PLs can directly be integrated into fiber systems,
avoiding the use of free-space optics or other materials. Notice also that scalability to a larger number
of modes with these PLs is more straightforward than other fiber approaches [62]. Other applications
for these devices will surely emerge as this technology evolves.
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CHAPTER IV: MICRO-RING
RESONATORS

Micro-ring resonators (MRRs) are a popular technology for sensing applications nowadays
because they offer outstanding sensitivity to external perturbations. These typically affect the
refractive index of the device leading to changes of the resonance conditions, hence modifying the
transmission spectrum [25, 28-31]. The use of reconfigurable materials in the fabrication of MRRs
allows for the adjustment in their spectral features. Fabrication of devices working on this principle
has been explored with acusto- and electro-optic materials [102, 103]. The use of polymeric materials
has also been demonstrated for fabricating micro-ring resonators, yielding devices with lower
fabrication costs, ease of processing, and showing adequate performance for sensing applications
[104]. An advantage of utilizing polymers, is the possibility of further functionalization using
additional materials such as doped polymers, which are capable of modifying their refractive index
with external signals [105-108]. These capabilities have proven to be useful for optics and photonics
applications [106-108].

An approach for fabrication of tunable MRRs is the use of cylindrical elements coated with thin layers
of functional polymers. Coating films in optics are required to be smooth and uniform, in order to
achieve good quality devices. A crucial factor in optical coatings is the control of thickness as it defines
the interaction of light with the coated material. Usually thin layers of solid materials are preferred
for coating optical elements requiring highly controllable deposition process (e.g., PVD, CVD,
sputtering, etc.) [109-111]. The use of fluidic materials represents an alternative to create coating
layers, making use of the physical properties of the coating material to define the resulting coatings.
This approach usually implies a simpler fabrication, where the most common methods include spin
coating, dip coating, and roll coating [112-114]. However, all of these methods are limited to planar
surfaces and are not the most suitable options to apply on other geometries, such as cylinders.

Uniform coating of wires or fibers is normally performed upon pulling them through a container with
the liquid solution to be deposited. The thickness of the resulting coating is given by the diameter of
the output aperture of the container. However, this technique requires large lengths of fiber to work
properly and induces strain over the elements to be coated, thus representing a problem when fragile
optical devices are used or when coating short elements [115, 116]. Adapted techniques based on
variations of the dip and wire coating processes, have been efficiently accomplished for fabrication
of small diameter photonic devices incorporating thin and uniform layers of polymeric materials
[117-119]. These approaches are based on displacing a small reservoir or drop of the coating fluid
along the cylindrical element, leaving a layer of the material on the surface of the element.
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In this chapter we demonstrate the fabrication and characterization of MRRs fabricated with
cylindrical elements coated with thin layers of polymeric materials. Characterization of the coating
process using two different polymers is described for the single-layer and multiple-layer approaches.
The use of polymers incorporating photoluminiscent, absorbent, and birefringent materials is
studied with the purpose to generate an optically tunable response. We further explore the use of
multilayer resonators aiming at improving the tuning effect achieved in these MRRs.

IV.1 MICRO-RESONATORS PRINCIPLES AND FABRICATION

In general, a micro-resonator is formed by a waveguide which conducts light in a closed loop
trajectory in the micrometric scale size. When the light waves propagated through the loop build up
a phase shift equal to a multiple integer of 27 in a round trip, constructive interference of the waves
takes place and generates a resonant effect yielding intense confinement of light within a small
volume [28-30, 120]. Normally, this loop trajectory can be formed by different circular-like
geometrical configurations, such as rings, disks, spheres, racetracks, or ellipses. Micro-ring
resonators are formed by a closed circular waveguide, confining light inside by conventional total
internal reflection (TIR). The supported transverse and azimuthal modes in these waveguide
structures are defined by their physical dimensions [28-30]. Since MRRs are very small, they offer
great potential for integration with other technologies and/or components such as fiber optics [30,
31]. These optical devices have been used for a wide variety of applications, and the most common
include filters, switches, modulators, sensors, wavelength division multiplexers (WDMs), and
micron-size lasers [29-31, 120]. Photolithographic processes compatible with the electronics
industry are normally used for the fabrication of micro-ring resonators. However, fiber approaches

have been studied presenting the advantage of direct coupling to fiber optic technologies.

A special case of resonance commonly found in micro-disks and micro-spheres are the whispering
gallery modes (WGM). In WGM, the resonances are originated by the waves propagated azimuthally
at the boundary of the resonator and the surrounding media [29-31]. This particular type of
resonance is considered only when the outer boundary plays a role in the confinement of the wave,
usually present in single material micro-resonators [29]. Therefore, in WGM light does not penetrate
inside the material of the resonator. When an inner boundary exists, the requirement for generating
WGM is that the caustic radius of the inner material lies between the other two interfaces. Otherwise,
the waveguide is multimode and several modes will couple at different resonance wavelengths [29,
30, 31, 121].

The most common method for coupling light into resonating cavities is through evanescent waves
from another optical waveguide [28-30]. The use of tapered optical fibers is the most popular
approach for light coupling [30]. To fully describe the resonance features of the MRRs it is useful to
consider a straight single-mode waveguide close to a circular single-mode waveguide. Light traveling
through the straight waveguide couples to the resonant cavity, as depicted in Figure IV-1. The
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complex mode amplitudes interacting in the coupling process include the input (En and Er,) and
output (Eo1 and Eo>) signals in the straight and curved waveguide, respectively.

> >
£y < Ey,

El2 \ EO2

Fig. IV - 1. Micro-ring resonator scheme. A light signal (E;1) is launched through a single-mode waveguide and coupled to the
resonant cavity (radius R), yielding a resonant response (Eo;z).

The relationship between the inputs and outputs of the system can be obtained from coupled mode
theory analyzing the interaction between both guiding structures. For this analysis the propagation

constants for the straight and resonant waveguides are assumed to be identical ( p=p=5 ) Taking

into account the parameters of the directional coupler such as the coupling length ( £ ), the mode-
coupling coefficient (x), and intensity-insertion-loss coefficient (), the output signals are defined as

[2]:

Eo, :(1_7)%[E|1COS(K€)_ jE,ZSin(Kf):I <IV.1>

Eo, =(1—y)%[E,2cos(K€)— jE,lsin(zcE)] <IV.2>

Considering the circular geometry of the waveguide of radius R, the light travels a total trajectory
L =27R presenting a single-pass shift (¢ = L), the losses can be accounted with the intensity

attenuation coefficient ( p). Then, the energy coupling back to the straight waveguide after a round
trip in the resonator is [2]:

_P
oL j,BL)

E,,= Eoze( <IV.3>

Given these relationships, determination of the amplitude transmittance through the straight
waveguide can be defined as [2, 28, 29]:

By | costet)- (1)
' 1—(1—7/)}/2 cos(zd)e[_gL_mLj

Redefining the parameters of the previous equation, the parameters x and y are defined as:
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x=(1- 7)}/2 e(_gL] <IV.5>

y =cos(x() <IV.6>

The condition ¢ = 2,zm is required for resonance to occur, where m is an integer; hence, <IV.4> can

be rewritten as [2, 28, 120]:

2

=x)ii-y’)

(1- xy)2 +4xysin? (%)

This expression shows that coupling into the cavity occurs only at certain wavelengths. A typical

Eo
E.

T(@)==2 =(1-7)|1-

transmission spectrum for these devices is shown in Figure IV-2.
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Fig. IV - 2. Typical transmission spectra from a micro-ring resonators (R = 62.5 um).
As illustrated in Figure IV-2, resonance occurs at wavelengths with a separation given by the features

of the micro-ring, which is inverse to the time delay in a round trip. The separation between these
resonant wavelengths (A1) is known as the Free Spectral Range (FSR), defined as [28, 29]:

2 2
FSR=AA= /1— = A <IV.8>
n, L n, 27R
on
ng = neﬁ (ﬂo)-l-ﬂ.o eft <IV.9>

6/140

where A is the central wavelength between both resonances, and ng is the group refractive index

given in terms of the effective refractive index (neg).
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Another important parameter in MRRs is the Full Width at Half Maximum (FWHM), indicating the
half of the power measured from the peak intensity, or 3 dB bandwidth. Measurement of the FWHM
allows defining the width of the resonance peaks, a useful parameter when MRRs are used as filters
or for lasers [30, 40, 120]. This parameter is given by [28, 29]:

K22

Lng

FWHM =264 = <IV.10>

The ratio between the FSR and the FWHM is known as the Finesse (F ), indicating the quality of the
resonance at a specific wavelength. Using the above expressions the Finesse can be estimated as [28,
29, 120].

FSR AL

F = = <IV.11>
FWHM 264

A similar parameter is the quality factor (Q), which measures the sharpness of the resonance at the
central resonance wavelength. This parameter indicates the capacity of the resonator to confine
energy per optical cycle, and is defined as:

2 _neﬁL
T FWHM 1

Q

<IV.12>

All the above expressions are valid when considering a single-mode straight waveguide and a ring
waveguide. However, when using spheres or cylinders to implement resonators, a larger surface is
available and excitation of multiple modes is therefore possible. In addition, if the straight waveguide
used to couple light into the resonator supports more than one mode, these could favor the excitation
of additional modes inside the loop waveguide. An aspect noteworthy to mention is the different
resonance wavelength associated for every mode with different linewidth, representing different
coupling conditions for each resonant mode [30, 31]. This effect is present for modes guided by
conventional TIR as well as for the WGM, and can be described upon analyzing the resonator as a
curved waveguide. To exemplify multiple resonances, an illustration showing the fundamental mode
and the second order modes (azimuthal and radial) for a spherical WGM resonator can be observed
in Figure 1V-3 [31].

m =1 gr= T §'=i2 m=101-2 Fr=31

Fig. IV - 3. Example of a multimode WGM resonator in a sphere. Top: intensity distributions at the surface of the sphere; the
insets show the intensity at the cross-section of the sphere for the fundamental mode and second-order radial and azimuthal
mode, respectively. Bottom: the corresponding effective potentials and wavefunctions. Taken from [31]
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IV.1.1 SENSING WITH MICRO-RING RESONATORS

The principal mechanism for sensing with MRRs consists on the modification of resonance
conditions. Mainly, the cavity dimensions and the refractive index of the materials used for their
fabrication define the spectral response of the resonators. Detection in micro-resonators is usually
performed analyzing the spectral changes in the resonance. Changes in the resonance wavelengths
can be categorized as follows (see Figure IV-4) [30]:

» Resonant wavelength (or frequency) shift.- this effect is originated by changes in the refractive
index or resonator dimensions.

» Change in the quality factor.- this is provoked by changes in absorption of the resonator
materials affecting the broadening of the resonance.

» Change in peak transmission.- this effect is generated by variations in the coupling conditions
between the straight waveguide and the micro-resonator.

I'ransmission
Transmission

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. IV - 4. Sensing responses in micro-ring resonators. a) Change in the resonance wavelength. b) Change in the quality factor.
c) Change in the peak transmission. Taken from [30].
Light coupling into resonators of circular cross section, such as micro-spheres or rods, commonly
give place to WGM resonances. In contrast, micro-ring resonators make use of elements with thin
walls (e.g., thin wall glass capillaries), resulting in light confinement due to conventional TIR.
Deposition of thin layers on the cylindrical elements further leads to light confinement conditions
analogous to those obtained for optical waveguides. When the material used as coating possess a
higher refractive index than the cylindrical element, light is confined mostly within the coating layer.
In contrast, the use of a material with lower refractive index yields light propagation within the
coating and the cylindrical element, and some modes will be confined in the cylindrical element. The
use of multiple layers in this kind of resonator thus offers the potential for customizing light
confinement and the spectral features of devices upon selecting adequate materials. As an example,
micro-ring resonators formed with two coating layers may offer the capability to confine most of the
light either within the outer layer or allow for it to extend to both layers, depending on the choice of
refractive indices. Such a feature can lead to devices with tunable resonances upon the use of
reconfigurable materials. Furthermore, these may render useful for sensing applications as well.
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Micro-resonators operating under these schemes are illustrated in Figures IV-15a to IV-15c, showing
how light is confined and propagates depending on the number of layers used for the structure.
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Fig. IV - 5. Light confinement in MRRs with circular cross-section: a) bulk materials (WGM resonances), b) single-layer coating,
¢) multilayer coatings, and d) functional polymer multilayer coated MRR.

New approaches for fabricating micro-ring resonators formed by distinct layers of functionalized
materials can yield versatile devices for a wide variety of applications. Under this approach, the
combination of reconfigurable layers can be used (i.e., materials capable of change the refractive
index under an external signal or by the interaction with external objects/substances). As an
example, tunable devices may be obtained upon appropriately selecting the materials forming the
layers of the resonators. This can be realized by depositing two different polymeric thin coatings on
solid glass rods as illustrated in Figure IV-5d. While the inner layer of the MRR may contain a
fluorescent material activated by infrared light, the outermost coating may include a material whose
optical features change upon absorption of the light emitted from the inner layer. Thus, the
combination of these coating layers provides a means to modify the refractive indices of the
materials, thereby changing the spectral features of the MRR. Fabrication details and characterization
of these multilayer-coated MRRs are provided in the following sections.

IV.2 THIN-LAYER COATINGS

Coating of cylindrical optical elements to generate the functional MRRs is based on the wire
coating technique first described by Landau, Levich, and Derjaguin (LLD theory). The dynamics of
this process were later defined by Ryck and Quéré [122, 123]. The principle of this technique relies
on pulling a wire of constant diameter with smooth and uniform surface through a liquid solution;
during the pulling process, a small amount of the liquid is left on the surface of the wire. As a result,
a wire (radius r) can be coated with a thin-layer of liquid (see Figure 1V-6). The thickness of the
coating layer (h) is given by the speed at which the process takes place (V), and the intrinsic
properties of the liquid, such as the viscosity (77) and surface tension (). These parameters conform

the capillary number (Ca), defined as:

-56-



Ca= 77\7 <IV.13>
4

For h <r, Ca <« 1land the thickness of the coating layer can be obtained as:

h= 1.34rCa% <IV.14>

If Ca~1 itis necessary to adjust <IV.14> replacing r by r +h resulting in [124]:

1.34rCa’s
h= — <IV.15>
1-1.34rCa’
Polymer

Fiber

x|

Fig. IV - 6. Wire coating technique scheme. A layer of coating material (thickness h) is left on the surface of the wire (radius r) by

pulling the coating material at a constant velocity (V) through a liquid container
Coating of glass optical fibers, both, tapered and of standard diameters, was realized through a
modified version of the wire coating technique. A coating system was specifically design for this task,
capable of housing cylindrical devices to be coated with liquid polymers [117]. Polymer-coated MRRs
were fabricated with this system, which maintains the cylindrical element fixed and moves the
coating fluid along the section to be coated. Using this approach, only a small section of the element
to be coated is fully immersed in the liquid, thus avoiding the rupture or deformation by strain of the
element. The reservoir containing the liquid is displaced at a controlled velocity along the cylindrical
element by activating a stepper motor. This capability allows for generating a uniform thickness in
the coating. The system can also accommodate devices ranging from one micron in diameter (e.g.,
single-mode tapered optical fibers) up to a millimeter (e.g., glass capillary tubes). An additional
feature of this coating system is the capability of placing up to ten cylindrical elements for
simultaneous coating, granting similar fabrication conditions for multiple devices. A more detailed
description of the coating system can be found in [117].

Selection of the polymeric materials for the fabrication of photonic devices is based on their
properties such as refractive index, hardness, thermal features, just to name a few. Usually, the
polymers used for photonic applications are based on acrylate, styrene, carbonate, and silicone
compounds [125]. In our case, we used two different polymers: polydimethilsiloxane (PDMS, Sylgard
184) which is thermally curable, and an acrylate UV-curable polymer (Efiron PC-414, further denoted
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as UVpoly). Characterization of the coatings for single and multiple layers, as well as the generation
of coating instabilities, are discussed in the following sections.

IV.2.1 COATING INSTABILITIES

Under certain conditions, the coating on a wire can present undulations owing to liquid
instabilities. Such an effect is described by the Plateau-Rayleigh instability, resulting in the generation
of a series of periodic droplets [126]. The characteristic growth of the periodic droplets occurs at a
characteristic time (), which depends on the wire and the coating thicknesses as follows:

77(|‘+h)4

o <IV.16>
v

t, =12

Another factor to take into consideration is gravity, which may cause radial variations in the coating.
This effect can be gauged upon comparing the capillary and gravity forces, determined by the density

of the liquid polymer ( p) and the gravitational acceleration ( g ) . A common dimensional parameter
used to evaluate this is the Bond number, given by:

2

Bo=29"
4

<IV.17>

A criterion used is for a value of Bo < 1, where gravity effects on the coating material can be neglected
given the characteristics of the fluid and thus radial uniformity on the coating layer can be assumed.
Otherwise, the thickness and geometry of the deposited coating layer will depend on the capillary
and Bond numbers [123].

; “
B NS 5

Fig. IV - 7. Optical microscope image from the coating instabilities produced when coating an optical fiber with PDMS containing
a colorant.

From Eq. <IV.16>, it can be inferred that for h < r, the required time for formation of instabilities will
be large. Conversely, for thick coatings the instability will appear after short periods of time once the
coating layer has been deployed, thus producing a non-uniform coating. The formation of instabilities
is a very important factor to consider in the wire coating process since its characteristic growth time
limits the dimensions of a uniform layer. If polymers are sought as coating materials, the instability
growth time must be larger than the time required for curing the polymer and hence obtain a uniform
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coating layer. Figure IV-7 shows an unstable layer obtained in a PDMS coating deposited onto a glass
capillary using a coating velocity of 2.5 mm/min.

IV.2.2 SINGLE-LAYER COATINGS

To evaluate the performance of single-layer coatings, standard single-mode optical fibers
with a diameter of 125 um (Corning SMF-28e) were coated at different speeds with thin-layers of
PDMS and the UVpoly in 35 mm long sections. Prior coating, the protective polymer of the optical
fibers was removed; the glass cladding was then cleaned with laboratory grade isopropyl alcohol and
acetone, and finally they were placed in the coating system.

a)

100pm IIM-UNAM
WD 6.0mm

Fig. IV - 8. Scanning electronic microscopy (SEM) images of an optical fiber coated with a layer of UVpoly of approximately
1.15 um at a speed of 1 mm/min: a) initial section of the coating, and b) uniformly coated optical fiber (bright dot caused by
sample preparation-manipulation for SEM imaging).

Once the coating process was finished, the thickness of the deposited coating was measured using
scanning electron microscopy (SEM). Thickness measurements were performed analyzing the SEM
images in sections of 215 pum of length, every 5 mm along the entire coated section of the fiber. A
direct comparison between the images obtained from the coated sections and those obtained from
an uncoated section of the fibers yielded the increase in diameter due to the coating layer. In order
to ensure uniform polymer thin coatings and avoid fluid instabilities, the fibers were coated at low
velocities (< 2 mm/min). An example of an optical fiber coated with the UVpoly is shown in Figure IV-
8. A noticeable difference between the bare fiber and the coated section is appreciated in Figure 1V-

8a, whereas the uniformity of the resulting coating is demonstrated in Figure 1V-8b.

Thin layers of UVpoly were deposited at velocities of 0.5, 0.75, 1.0, and 1.5 mm/min., curing the
polymer after the coating process was finished. Curing was carried out with a single sweep across
the coated section with an UV curing LED system (Thorlabs CS2010, 365 nm) with a power density
of 6 W/cm?2 for a period of time of 2 minutes. The thicknesses of the single-layer UVpoly coatings are
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plotted in Figure IV-9 with their corresponding coating velocities. For comparison, the measured
thicknesses are plotted along with the curve experimentally obtained using the LLD theory.
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Fig. IV - 9. Measured layer thicknesses for the UVpoly at different coating velocities and calculated thickness for two different
temperatures.

Since the data sheet of the UVpoly only includes the values of the viscosity as a function of
temperature, the surface tension was estimated by fitting Eq. <IV.14> with the experimental data.
The coatings in this experiment were performed at a room temperature of 27.5 °C, which yields an
estimated viscosity of 6.45 Pa-s according to the data sheet. Based on this estimated value, we
obtained a surface tension of 36.09 mN/m, which is in good agreement with previous reports for
acrylate polymers [126]. It is important to notice that the surface tension and viscosity are highly
affected by temperature, and this consequently affects the resulting coating thicknesses. Thermal
variations during the coating process are thus accounted in the error bars included in the plot. To
illustrate the temperature effects on the coating thickness, a plot of Eq. <IV.14> for a room
temperature of 25 °C is also included in Figure IV-9.

PDMS is a thermally curable material composed by a silicone base polymer and a crosslinking agent.
Owing to its curing mechanism (thermal), the surface tension and the viscosity vary with time, and
the coating and characterization are thus more complex than the UVpoly. An additional factor to take
into consideration is the mixture ratio of base polymer and curing agent affecting the properties of
the cured PDMS. As an example, the data sheet specifies a 7 = 5.1 Pa's for the base polymer and a
n = 3.5 Pas for a mixture ratio of 10:1, for which a y = 19.8 mN/m is reported elsewhere [128, 129].
In our experiments, the coatings were made of a polymer to curing agent mixture ratio of 8:1 to
ensure complete solidification of the composite. In order to consider appropriate values for the PDMS
viscosity, a time-dependent rheological characterization was carried out with a rheometer (ARG2, TA
Instruments, cone-plate geometry 60 mm, 2 °). The results from this characterization yielded a nearly
Newtonian viscosity of 0.5 Pa-s for a temperature of 27.5 °C during the first half hour after the mixture
was done. However, four hours later, the viscosity of the mixture was measured to be n = 10 Pa-s,
clearly showing that the rheological properties of PDMS vary considerably during the curing process.
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Several bare optical fibers were coated with PDMS mixed in an 8:1 ratio at velocities ranging from
0.375 to 1.5 mm/min. As for the UVpoly case, the coatings were measured via SEM images. As
illustrated in Figure IV-10, different thicknesses were obtained for the same coating velocity when
using different PDMS viscosities. The fitting curves shown in the figure were obtained considering a
y = 19.8 mN/m. From these results, it is clear that an increase in the layer thickness occurs as the
polymer viscosity increases as a consequence of thermal effects. In some of these cases, the polymers
were prepared and deposited as coatings in different days and under different environmental
conditions. Nonetheless, the results are consistent with the predictions of wire coating theory.
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Fig. IV - 10. Characterization of the coating layer thickness for PDMS at different coating velocities and viscosities.

Optical losses induced by the coatings are an important factor to consider in photonic devices. These
were evaluated on the transmission spectra of tapered optical fibers fabricated with standard single-
mode fibers using the flame-brushing technique [54]. Optical fiber tapers with a total length of 4 cm
and with a constant waist diameter of approximately 6 um along 1 cm were coated at a speed of
1.5 mm/min using both materials, UVpoly and PDMS; the resulting coating layers were estimated to
had thicknesses of 200 and 110 nm, respectively. As the radius of the tapered section is significantly
reduced, light propagation in occurs in the cladding material of the fiber. As a consequence, light

confinement is then defined by the surrounding material.

Typical attenuation losses on the transmission spectrum after depositing the polymer coatings onto
the tapered section of the fibers are shown in Figure IV-11. While PDMS coating layers can present
losses from 1.8 to 0.75 dB, the UVpoly coatings losses are below 0.75 dB. The attenuation slope over
the spectral range observed for PDMS layers is attributable to wavelength dependent power
confinement or mode field extension due to the effective refractive index of the coating. Similarly, the
spectral modulation registered in the spectra is most likely due to the refractive index and due to
variations in mode confinement when a layer with similar n value surrounds the optical fiber. Small
fluctuations with maximum amplitude of 0.3 dB observed for both coatings may be attributed to
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modal beating typically observed in non-adiabatic tapered structures [130, 131]. Therefore, these
results suggest that small non-uniformities are present along the coating layers, probably caused by
polymer impurities and growth of imperceptible instabilities in the tapered sections of the fibers, as
well as the a change in light confinement generated by the thin-layer coatings.
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Fig. IV - 11. Transmission losses registered after coating with tapered optical fibers polymer thin-layers.

Since the curing process for thermally activated polymeric materials evolves in time, it is
recommended to always start the coating process immediately after adding the curing agent. This
will ensure a constant viscosity and homogeneity of the polymer during the lapse of time of the
coating process. Aside from thermal effects, other sources that may contribute to the alteration of the
coatings thickness and uniformity include external vibrations, inadequate sample preparation, and
humidity. These factors must therefore be minimized and particularly addressed during coating
process.

From the SEM images analysis we observed uniform coatings over the entire length of the fibers, even
for coatings of a few centimeters in length. For the thin layers deposited on the fibers, and using the
fitted values of the surface tension, the Bond numbers calculated for our experiments yielded values
of 1.6 X 10-3 for the UVpoly, and 4.9 X 10-3 for the PDMS. Hence, gravity effects on the coatings were
negligible for both cases and radial uniformity can be assumed for the deposited layers. All the listed
results prove the suitability of the coatings produced by this method for the development of polymer
coated photonic and optic devices with small diameters, in particular for tapered fiber devices.

IV.2.3 MULTIPLE-LAYER COATINGS

Deposition of thicker uniform polymer layers can be achieved upon performing a multiple
coating process. The coating layer thickness (h) is commonly limited in the single-layer deposition

by the growth time of the surface instability. Deposition of multiple layers prevents the growth of
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instabilities provided that h is decreased in every step of the deposition process. This approach was
explored by applying multiple layers of the described polymers onto optical fibers and glass
capillaries.

An important factor to consider during the deposition of multiple layers is the solid polymer-liquid
polymer interface (i.e., liquid polymer over a cured polymer, instead of having a glass-liquid polymer
interface). This is important because such an interface favors the slippage of the liquid upon applying
the second polymer layer [132]. Thus, the LLD thickness model (Eq. <IV.14>) requires adjustments
to account for this slipping condition during the coating process. This is addressed by using an
apparent viscosity (1app) defined as [133]:

nh

Mapp = m <Iv.18>

where Agjp is the slip length, which accounts for the non-zero velocity at the interface.

Standard single-mode optical fibers were coated at a speed of 1.5 mm/min with one layer of UVpoly
and cured with UV light irradiation; subsequently, a second coating layer of the same polymer was
deposited and cured. Thickness results exhibit an increase in fiber diameter for a two-layer coating,
as shown in Figure 1V-12. Using Eqs. <IV.14> and <IV.18> we obtained a 7y = 2.93 Pa-s. The

experimental thickness measured after deposition of the second layer coating agrees well with the
value predicted by the LLD model.
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Fig. IV - 12. Characterization of the layer thickness of UVpoly for multiple layers on optical fibers: a) SEM images of the bare and
coated fibers; b) measured thicknesses for the layers and fitting using the slipping condition (see text).

Coating of cylindrical elements with bigger dimensions is also of interest for diverse applications

which may require thicker layers. Several applications have arisen based on glass capillaries in the

fields of optofluidics and photonics [134, 135]. An example of this is the use of photoresponsive

polymer layers on glass capillaries proposed as a novel approach for inducing thermocapillary flow

[134].

Evaluation of the multilayer approach was performed in [117], coating 20 pL glass capillary tubes
(Drummond, 450.85 um radius) with the UVpoly at a velocity of 5.21 mm/min. These results were
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then compared with those previously reported in [134], where multiple layers of PDMS with carbon
nanopowder (PDMS+CNP) were deposited at the same velocity. Measurements of layer thicknesses
exhibited a lower slippage for the UVpoly in glass capillaries than for the coated optical fibers, with a
77.pp = 5 Pa's. As for the PDMS+CNP composite, the measurements and fitting yielded a 7.pp = 2.7 Pa's
[134]. As expected from Eq. <IV.18>, thicker coatings will be less affected by the variations caused by

the apparent viscosity and hence slippage will decrease (i.e,, 7], = 77). The resulting Bond numbers

for the capillaries were 0.085 for the UVpoly and 0.1 for the PDMS, respectively; as before, gravity
effects on the coating layers are minimum.

As shown above, multiple layer coatings can be readily deposited on devices ranging from the
micrometric to millimetric diameter scales. It is important to notice that the desired thickness of each
layer can be easily adjusted upon controlling the coating process velocity following the guidelines
provided by simple wire coating theory. Adjustment of the coating thickness allows for the definition
of the final diameter of micro-resonators using cylindrical elements.

IV.3 FUNCTIONAL POLYMERIC MATERIALS

Along list of different polymer based materials has been developed for optics and photonics
applications [106-108, 136]. Polymers grant a simpler processing and fabrication processes
compared to other materials. Moreover, a wide diversity of functional materials can arise from their
flexibility for hosting additional materials. As an example, PDMS is a polymer extensively used in
MEMS, electronics, optics, and biomedical applications due to its mechanical, rheological, thermal,
and optical properties. The use of PDMS in optics has grown due to its transparency over a wide

spectral range and its ease of use in replica-molds fabrication processes [137].

Incorporation of different materials into PDMS has been successfully demonstrated for the creation
of reconfigurable composites. Examples of these include the addition of azobenzenes, carbon
nanoparticles, metallic powder, etc. [107, 138]. For our experiments, light activated composites were
obtained upon mixing azobenzenes and fluorescent materials with PDMS as a host polymer matrix.
A detailed description of the mixing procedure for these composites can be found in Appendix A. The
relevant characteristics of these photoactive composites are discussed in the following sections.

[V.3.1 AZOPOLYMERS

Azopolymers are functional polymers originated from the inclusion of azobenzenes in a
polymeric matrix. Azobenzenes are chemical molecules commonly used as colorants or dyes,
although the most attractive feature of these materials for photonics is the photoisomerization
process. This can generate physical changes in the azobenzene molecules through light irradiation.

Typically, the photoisomerization process leads to the trans-cis transformation as well as to the
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realignment of the molecules when interacting with linearly polarized light [108, 139]. These changes

originate optical anisotropy, which is of interest for the fabrication of photonic devices.

MRRs with azopolymer coatings were fabricated using Disperse Red 1 (DR1) obtained from Sigma-
Aldrich (CAS: 2872-52-8) as azobenzene. As shown in the spectrum of Figure IV-13a, the absorbance
of DR1 lies within the range of 410 - 555 nm. This azobenzene has been proved to generate
birefringence under irradiation with linearly polarized light when contained in polymeric matrices
[108, 139]. In our experiments, the concentration ratio used for the mixture of DR1 with PDMS was
of 0.1 % in weight; this composite is denoted as PDMS+DR1. Removal of DR1 clusters was done
through filtering with two syringe polytetrafluoroethylene (PTFE) filters: first a 1 um filtering stage
followed by a second stage of 0.4 um. This filtering process yielded a red-translucent composite.

Photoinduced birefringence in the azopolymer mixture was tested with an array of crossed
polarizers [139, 140]. A probe beam is launched through a film of a given thickness (d), measuring
the change in the beam intensity at the input (Iy ) and output (I ) of the sample. The probe beam used
for this experiment must be of a wavelength (1) where the material under study presents null
absorbance. Change in refractive index (An) generated in the azopolymer can be described by [139]:

An = isinl il <IV.19>

d I,

A 138 + 11 pum layer of PDMS+DR1 was deposited on a glass substrate and subsequently irradiated
with a semiconductor laser (4 = 532 nm, 5 mW). A HeNe laser (1 = 632.8 nm) was used as a probe
signal to measure the birefringence, and the change in optical power transmission through the
polarizers was measured with a silicone photodiode (S150C, Thorlabs). The change in power
transmission registered with this arrangement is shown in Figure 1V-13b. Using this result, the
change in refractive index for this composite was estimated according Eq. <IV.19> yielding a result of

An = 2.41x107°, which in good agreement with previous reports for similar compounds [139].
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Fig. IV - 13. PDMS+DR1 azopolymer characterization. a) Absorbance spectrum. b) Photoinduced birefringence with a laser beam
of 475 nm and measured at 633 nm.
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IV.3.2 FLUORESCENT COMPOSITES

Upconversion process is an attractive feature in some materials that can be used to trigger
different effects activated by light. As an example, emission of visible light can occur in materials such
as erbium and ytterbium, owing to IR light absorption and subsequent electron transition to higher
electronic states. The radiative decay of these electrons will thus lead to the emission of photons
within the visible spectrum. Erbium and ytterbium, which are among the most popular materials
used with optical fibers, can thus radiate visible light (typically green-like) through upconversion
[142]. An improved composite to generate fluorescence in visible wavelengths under IR irradiation
is the ytterbium and erbium-doped sodium yttrium fluoride (NaYYbErF). Commercially available
NaYYbErF powder (Sigma-Aldrich, CAS: 753489-02-0) was used for doping PDMS with a weight ratio
of 1 %; this composite was labeled as PDMS+Yb. A typical fluorescence spectrum generated with this
material is shown in Figure IV-14. As seen in the figure, upon irradiation with a laser diode

(A =975 nm), the fluorescence peaks occur at wavelengths of 539.5 nm and 653.5 nm.

The PDMS+Yb composite offers the possibility to generate changes in its optical properties by means
of an optical signal, a feature desired in photonic devices. Specifically, the incorporation of PDMS+Yb
in fiber optic devices use an excitation signal with =975 nm, and a signal with 4 = 1550 nm can be
used as a probe beam, for instance, as a carrier for data transmission. Thus, the required optical signal
to generate fluorescence in this material can have a different wavelength than that used for signal
transmission. Both wavelengths are normally used in optical telecommunications applications.
Another possibility is the combination with other layers of different materials, where the emission
generated by the upconversion process may be absorbed to induce further changes, as occurs in
azopolymers.
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Fig. IV - 14. Emission spectrum from the PDMS+Yb composite upon irradiation with a A = 975 nm laser diode.
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IV.4 MICRO-RING RESONATORS WITH FUNCTIONAL POLYMERS

Micro-ring resonators coated with layers of PDMS+Yb and a PDMS+DR1 were fabricated
using the wire coating technique described earlier. The MRRs were excited by coupling light from the
waist section of a single-mode tapered optical fiber, with a waist diameter of approximately 3.5 pum,
along 1 cm section, and total length of 5.5 cm. Coupling was generated by setting the resonator
perpendicularly to the tapered fiber aiming to generate a circular-cross section for the resonances
instead other geometries (i.e., elliptical-cross sections for tilted resonators). Analysis of the MRRs
features was performed upon recording the transmission spectra with an Optical Spectrum Analyzer
(OSA, Agilent 86140B); further details of the spectra were obtained through the Fast Fourier
Transform (FFT). A broadband probe signal coming from an amplified stimulated emission (ASE)
from an erbium doped fiber amplifier (EDFA, Pritel LNHPFA-27-10) centered at a wavelength of
1550 nm was used, which was launched into the tapered fiber. The spectral features of the polymer

coated MRRs are described in the following sections.

IV.4.1 ALL-GLASS RESONATORS

Standard single-mode silica (Si0;) fibers were used as the building blocks for the MRRs. In
these experiments the resonator is constituted only by the cylindrical-glass rod. The typical
transmission spectrum of a resonator using a bare single-mode fiber (125 + 0.7 pm diameter) is
shown in Figure IV-15a. The resonances are periodic dips with a FSR = 4.26 nm (delimited by the red
dashed-lines) and a FWHM = 0.1 nm. With the measured values and by using Eq. <IV.8>, a group
refractive index of 1.4361 was determined for the 125 pm diameter fiber MRR. As seen in Figure IV-
15a, the spectrum shows multiple resonant peaks within a single period, indicating that several
resonant modes are excited in the resonator due to light penetration in the bulk material. The
response obtained was repeatable under the same coupling conditions, whereas changing the
position of the resonator or parameters of the tapered fiber resulted in similar responses but
different resonant wavelengths. The strongest resonance peak corresponds to the fundamental
mode, showing a contrast of 2 dB. For these all-glass MRRs, the registered average losses were in the
range of 1.5 - 4 dB.

Further details of the registered spectra were obtained using the FFT. In particular, the magnitude of
the FFT indicates how many periodic signals are present in the transmission spectrum, and each
point indicates the number of periods of each component. For the spectrum shown in Figure IV-15a3,
the FFT shows a strong single low-order component, corresponding to the number of periodic lobes
for the fundamental mode component, shown in Figure IV-15b. Higher order components indicate
the multimodal resonances obtained in the cylindrical structure decaying in a gradual fashion.
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Fig. IV - 15. a) Typical transmission spectrum for an all-glass MRR. The resonant element is a SMF silica fiber (125 40.7 um
diameter); b) FFT obtained from the transmission spectrum.

Polarization effects in MRRs are an important and these have to be considered when analyzing the
spectral response. This is because light coupling to the resonator will depend on the orientation of
the electric field (i.e., TE or TM polarization) [28, 29]. Hence, a change the polarization of the signal
sent through the tapered optical fiber will favor light coupling into certain resonant modes. This
effect is illustrated in Figure IV-16, showing the transmission spectra for the same resonator but for
two states of polarization (SOP) launched into the tapered fiber.
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Fig. IV - 16. Transmission spectra for two different states of polarization (SOP) coupled into the SMF-based MRRs.

IV.4.2 RESONATORS COATED WITH A SINGLE MATERIAL

The spectral features of MRRs based on a composite polymer/glass structures will depend on
the thickness and refractive indices of the polymer and glass fiber used for their construction. Single-
layer MRRs were fabricated upon the deposition of thin layers of PDMS, PDMS+DR1, and PDMS+Yb
polymer coatings on standard single-mode fibers (SMFs). In order to solidify the composites, each of

the base mixtures were mixed with a crosslinking agent in a weight ratio of 9:1 and then heated at
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85°C during a period of time of 2 hours [117]. These coatings were deposited using the same coating

system described earlier (see section IV.2), using a coating velocity of 0.935 mm/min for all cases.

The resulting coating thicknesses were approximately 1.55 um and these were excited with a tapered

fiber. Obtained normalized transmission spectra and the corresponding FFT for each of these coated

resonators are shown in Figure [V-17.
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80

Analysis of the PDMS coated resonator provides information of the effects generated only by the

polymeric matrix, which is further used to host the active materials. Since PDMS possesses a smaller

refractive index than that of silica, light confinement in this structure is similar to the case illustrated
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in Figure IV-5c. Hence, light does not get confined completely in the PDMS layer and light interacts
mostly with the silica fiber. Nonetheless, the addition of this layer allows for the propagation of fewer
modes in the resonant structure due to coupling from the PDMS into the silica, but not in the reverse
direction. This can be noticed upon comparing the FFT for the SMF (Figure IV-15b) and the single-
layer PDMS (Figure IV-17a); notice that the latter spectrum does not show the higher order
components.

As shown in Figure IV-17b, the spectrum for the PDMS+DR1 show similar resonances to those
obtained with PDMS. Also, a notorious increase in the contrast of the dips corresponding to the lower
order components contained within a single period can be observed. This indicates better
propagation of the lower order modes excited in the resonator coated with PDMS and PDMS+DR1.
FFT analysis indicates a reduction in the higher order spectral components, which agrees with the
features of the transmission spectra. For the PDMS+Yb coatings, the quality of the resonance
decreases drastically, showing a noise-like spectrum and without a clear contrast of resonance
wavelengths (see Figure 1V-17c). The FFT for this composite shows that most of the spectral
components disappear with this coating, with the exception of a few lower order modes. This is
however an expected feature due to the optical absorption of Yb and Er within this wavelength range.

-5 _
m 10l
o -10 1
s 1
g -
— _20 -
e 1
g 25 4
©
— SMF
-30 1 ——PDMS
1 ----- PDMS+DR1
'35 T T T T T T T T T T T T T T T T T T T T T T T T T T T
1538 1540 1542 1544 1546

Wavelength (nm)

Fig. IV - 18. Insertion losses and resonance features in the transmission spectra for the MRRs.

An effect observed for the resonances when polymer coatings are used for the MRRs is the
broadening of the FWHM to approximately 0.41 and 0.18 nm for the PDMS and PDMS+DR1,
respectively. A feature of interest when using polymeric coatings is the contrast enhancement
generated at the resonance wavelengths, which can reach attenuations of 15 dB. However, coupling
losses increase for polymer resonators when compared to the bare SMFs. A comparison of the
transmission spectra for all the single-layer coated and the bare SMF micro-ring resonators is shown
in Figure IV-18. Notice that the insertion losses are much larger for the polymer-based MRRs owing
to the difference in refractive indices. These could be improved upon reducing the refractive index
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contrast between the polymer and the glass fiber, or by using an additional index-matching coating
layer.

1V.4.3 MULTILAYER COATED RESONATORS

Multilayer micro-ring resonators were fabricated with standard single-mode optical fibers
coated with alternating thin films of PDMS+Yb and PDMS+DR1 composites. Deposition of the coating
layers was performed using the same procedure than for the single-layer case. The multilayer
resonator was fabricated using a first layer of the PDMS+Yb mixture, and a second layer using the
PDMS+DR1 composite. The main purpose of this layer was to induce changes in the refractive index
by means of an optical signal. These were induced by a 975 nm laser diode launched through the
tapered fiber. This “pump” beam was combined with the probe signal by means of a 980/1550 nm
fiber wavelength multiplexer (WDM). An illustration of the excited multilayered micro-resonator and
the experimental setup to test these devices are shown in Figure IV-19. The excess of excitation light
not coupled to the resonator was filtered with a 980/1550 nm WDM.

/4/%/\
S
,a%/éf‘\{i/)e/
pﬁ’redse%.
O,«/baobof
/f/b@fe
a)
o
55 S ¥
90\‘303\\(\9
N> Glass rod
J —> Fluorescent layer (Yb:Er)
AN Azopolymer
b)

Fig. IV - 19. a) lllustration of the multilayer coated micro-ring resonator. b) Experimental setup to excite and analyze the
multilayer MRRs.
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Fig. IV - 20. Transmission spectra of the multilayer MRRs coated with photoactive materials.

The transmission spectrum of the device and the effects generated when the pump signal is launched
are shown in Figure IV-20. For this arrangement the pump light is absorbed mostly by the PDMS+Yb
layer and the resonance features are only shifted towards longer wavelengths. Notice that for this
configuration, resonance occurs at outermost polymer layer, which incorporates the azobenzene.
Excitation of the PDMS+DR1 layer is realized by the green luminescence generated in the PDMS+Yb
layer. This is produced through upconversion effects when this polymer layer is pumped with the
975 nm signal. The green fluorescence signal is thus absorbed by the DR1 molecules and an
additional change in the refractive index is therefore obtained. Larger wavelength shifts were
observed upon increasing the power of the 975 nm pump laser. This is due to the infrared light
absorption of the PDMS+Yb layer and reabsorption of the green light by the PDMS+DR1, generating
a continuous change in the refractive index. This effect will cease once the saturation point of the Yb
and Er is reached. In our experiments, we did not observed any saturation effects. Finally, upon
turning the pump signal off, the original spectral features are readily obtained.
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Fig. IV - 21. Wavelength peak shift upon 975 nm laser signal excitation in different polymer coated micro-ring resonators.
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When using only PDMS as coating material, a slight displacement is gradually induced until a
saturation point is reached. A similar response is generated when DR1 is added into the PDMS matrix,
indicating no interaction of infrared light with the azobenzene. In contrast, for the PDMS+Yb
resonators (not included in the plot), absorption of the 975 nm laser signal induces a larger
modification in the refractive index. However, this leads to a distortion in the transmission spectra
and the resonance peaks are lost. Notice that for the multilayer arrangement, no saturation point was
observed and a maximum wavelength shift of 1.6 nm was registered. The addition of a second layer
(PDMS+DR1) thus contributes to an enhanced tuning response, without distorting the resonance
effects.

IV.5 DEVICE PACKAGING

As exposed earlier, applications of wavelength tunable MRRs devices include sensor
development and filtering for signal conditioning. An important factor to be addressed for these
devices resides in the packaging procedure. Proper packaging of MRRs is a challenge that commonly
limits their use in real-life applications [30, 142]. A simple way to alleviate this problem is to
encapsulate the devices in a polymeric matrix. This approach allows ensuring a fixed position of the
optical elements composing the MRR, thus yielding a stable spectral response. PDMS has proven
suitable for packaging and fabricating optical elements with low losses. Therefore, packaging may
contemplate entirely or partially embedding the MRRs in PDMS [143]. An example of the multilayer
MRRs enclosed in PDMS is shown in Figure [V-22.

AIR
INPUT signal OUTPUT signal
~ <
PDMS

Fig. IV - 22. lllustration of a multilayer coated MRR packed in PDMS

It is important to recognize that the packaging process modifies the surrounding medium of the MRR
and thus changes the number of resonant modes. This effect is illustrated in Figure 1V-23, showing
the transmission spectra for a MRR before and after being embedded in a PDMS housing. An
improvement in the total losses is observed due to the reduction of the refractive index contrast of
the materials. Notice however that the contrast in the resonant dips decreases; hence, optimization
in the refractive index difference is required in order to obtain adequate spectral features for a
specific application.
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Fig. IV - 23. Pure silica rod used as micro-resonator packed entirely in PDMS.

The use of multiple polymer layers for the construction of micro-ring resonators clearly represents
an attractive option the fabrication of low-cost devices. Their ease of fabrication and the possibility
to incorporate different materials provide a versatile platform for developing photonic devices.
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CHAPTER V: CONCLUSIONS

All-fiber photonic lanterns formed with multiple fibers were fabricated exhibiting the
capability of produce diverse light patterns at the output in a controlled fashion. The fabrication
process followed to obtain adequate devices was fully described. Also, the relevant parameters and
aspects needed for the realization of these devices were also defined. Modal selectivity granted
independent excitation of linearly polarized fiber modes through separate input fibers. This feature
was achieved by a correct selection and positioning of the optical fibers during the assembly process
of these devices. For the arrangements and methodology followed in this work, it was possible to
address the first nine LP fiber modes without additional requirements other than a proper design of

mode-selective photonic lanterns.

Fabrication of PLs able to generate a larger number of modes was accomplished by using
microstructured preforms specifically tailored for this purpose. These preforms simplified the
fabrication process of the PLs, resulting in a straightforward and repeatable method. Additionally,
the use of this approach allows for overcoming the intrinsic fabrication complexity when scaling to a
larger number of fibers. Nonetheless, there is still room for improvements in the preforms used for
fabrication of these devices since novel designs may lead to generate specific light patterns, devices
with lower losses, and compatibility with other multimode fibers.

Integration of the PLs to fiber systems was tested upon splicing them to fibers supporting multiple
modes (i.e.,, few-mode fibers, FMFs). Transmission of the generated mode profiles through these
fibers was verified further showing low-coupling losses. The use of the PLs as MUX/DEMUX devices
showed to be a viable application, directly compatibility with FMFs that have been developed for the
upcoming generation of fiber optics telecommunications systems. Additional information obtained
from this study corroborated the modal selectivity of these devices, as observed from the output
mode profiles. Hence, a proper design of photonic lanterns can allow for a correct match with FMFs
and successful transmission of each particular light pattern.

Careful analysis of the intensity distributions at the output of the mode-selective PLs revealed
remarkable mode purity values. Complementary examination of MSPLs demonstrated that following
the correct fabrication procedure, it is possible to obtain operation in a broadband wavelength range,
preserving the same light intensity distribution. This feature proved the suitability of these devices
for multiple applications aside the telecommunications area. Therefore, a significant number of
research areas using complex devices to generate specific light patterns could be simplified with the
use of passive and compact devices, such as mode-selective PLs.

A simple methodology to fabricate reconfigurable micro-ring resonators was also proposed in this
work. This may offer a viable option for developing reconfigurable devices with potential use in
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sensing applications. The use of polymeric materials as coatings allowed for easily incorporate
different compounds. Such a capability offers the possibility to include different functionalities in a
single device, and thus address diverse needs. Furthermore, the incorporation of multiple layers of
material serves as a mechanism to control light confinement in these devices. Therefore, the
interaction of light with multiple layered materials can be adjusted upon the appropriate choice of
refractive indices. As shown in this work, control of the coating process is key feature for successfully
producing resonators with a specific thickness. In this sense, the coating system used for this purpose
offered the necessary means for obtaining well defined thicknesses of polymer coatings by varying
the speed of the coating process.

The fabrication of polymeric multilayer resonators is an attractive proposal as it employs low-cost
materials, with high commercial availability and ease of fabrication. Adjustments in the coating
thickness allows for the definition of the final diameter of the micro-resonators, which in turn defines
the resonance conditions. Another attractive aspect of this method is the use of standard cylindrical
elements as a building block for the micro-resonators, avoiding the need of specialized substrates or
materials, typically requiring additional processes to fabricate resonant structures.

Incorporation of light-activated materials prevents the use of electrical signals to activate specific
functions of the materials used as coatings for the resonators. On this basis, activation and monitoring
of the proposed devices can be achieved through a single optical fiber. As an example, devices using
a layer of photoluminiscent material, in combination with a photoactivated material, yielded a device
capable of tuning its spectral response by means of an optical signal.

The achievements and progress presented in this work comprise contributions on the area of fiber
optic devices fabrication. The most relevant aspects of the fabricated devices can be summarized as:

» The relevant fabrication parameters to obtain mode-selective photonic lanterns, able to
excite several number of LP fiber modes, were defined.

» A new method to fabricate micro-ring resonators, based on multiple coatings of
reconfigurable polymeric materials, was demonstrated.

Future work on these devices may address improvements in photonic lantern design, aiming at
obtaining LP modes of a superior quality. Further efforts are also required in order to obtain direct
compatibility between the PLs and the FMFs, in particular for spatial division multiplexing
applications. As for the MRRs, the next step is their use in a specific application; this will define the
number of layers, coating materials, and thicknesses required to achieve the desired performance.
Evidently, packaging must be improved on both devices in order to grant stability in their spectral
responses as well as robustness. This will lead to rugged devices which may find direct application
in a wide variety of photonic related areas.
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APPENDIX A: PDMS COMPOSITES

The method listed here presents the fabrication of functional polymers using

polydimethylsiloxane (PDMS) as the host matrix for different materials. PDMS is a thermally curable

elastomer comprised by two materials: a base polymer which is silicone oil, and a curing agent that

generates a cross-linking effect. Functional polymer composites preparation was fabricated using

Dow Corning Sylgard 184 PDMS. Incorporation of additional compounds into PDMS involves the use

of chloroform (CHCl3), aiming only at reducing the viscosity of the silicone oil of the PDMS. This

approach generates a uniform distribution of the compound inside the silicone oil, yielding a material

with homogeneous properties and avoiding further modification of the materials. The fabrication

process includes the following steps:

>
>

The required base material (silicone oil) is weighted inside of a glass beaker.

The desired compound to be incorporated is added in a given concentration in weight
compared to the total PDMS amount, and simply poured into the beaker.

Chloroform is added into the beaker in a proportion of 0.75 mL per gram of PDMS in order to
lower the viscosity and resulting in a liquid solution which allows the mixture of the PDMS
and the compound.

The materials are mixed to by means of using a magnetic bar activated by a hot plate with
magnetic stirrer, while heated at 150 °C until full evaporation of the CHCls. After CHCI3
complete evaporation, the resulting composite is left to cold down at room temperature.

The curing agent is added with a given ratio compared to the base material and both parts
are mixed by hand during two minutes.

Air captured during the mixing process is removed thru a degassing process.

The PDMS+compound mixture is deposited into the containers of the coating system and the
coating process is executed.

Solidification of the composites is achieved upon heating at 80 °C during 2 hours.
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