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Abstract

In this thesis, a hybrid technology platform based on As;Ses and PolyMethyl MethAcrylate
(PMMA) is investigated with the aim of achieving versatile, compact, mechanically robust,
and highly nonlinear microwires. Hybrid microwires composed of an AssSes core and a
PMMA cladding are fabricated by tapering hybrid fiber structures using a state-of-the-art
taper fabrication method. Two approaches based on two different hybrid fiber structures
have been used for the fabrication of microwires. In the first approach, a single-mode hybrid
fiber composed of an AsySes single-mode fiber and a PMMA coating layer is tapered to
obtain a hybrid microwire. In the second approach, a bulk As;Ses cylinder is coated with
a PMMA layer to form a multi-mode hybrid fiber that is subsequently tapered into a
hybrid microwire. The As,Sez core of the microwire provides an ultrahigh nonlinearity
up to v = 180 W—lm™! whereas the PMMA cladding provides mechanical strength for
normal handling of the device and reduces sensitivity to the surrounding environment.
With such a large waveguide nonlinearity parameter, a 10 ¢cm hybrid microwire could
replace a conventional highly non-linear silica fiber (7 ~ 0.01 W™ m™!) of 1.8 km. The
successful operation of hybrid microwires is demonstrated with the observation of self-phase
modulation, supercontinuum generation, and all-optical switching. Moreover, an hybrid
microwire structure with an eccentric As,Ses core and a PMMA cladding is fabricated to
achieve ultrahigh birefringence and a high nonlinearity. The birefringence is induced by
having the AssSes core eccentric with respect to the circular PMMA cladding symmetry.
Eccentric-core microwires with high group birefringence up to b, = 0.018 are demonstrated.
Highly nonlinear eccentric-core hybrid microwires with engineerable birefringence can be

used for applications such as polarization-entangled photon generation.
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Résumé

Dans cette thése, une plateforme technologique hybride basée sur I’As,Ses et le PolyMethyl
MethAcrylate (PMMA) est étudiée avec I'objectif d’obtenir des microfils hybrides haute-
ment nonlinéaires, versatiles, compacts et mécaniquement robustes. Les microfils hybrides
composés d'un coeur d’As,Ses et d'une gaine de PMMA sont fabriqués par I’étirement de
structures hybrides a partir de méthodes de fabrication dans I’état de ’art. Deux approches
basées sur l'usage de deux structures de fibre hybrides ont été utilisées pour la fabrication
des microfils. Dans la premiére approche, une fibre hybride monomode composée d’une fibre
optique monomode d’AssSez enrobée d’une couche de PMMA est étirée pour 'obtention
du microfil hybride. Dans la deuxiéme approche, un cylindre brut d’As;Ses est enrobé
de PMMA pour former une fibre hybride multimode et par la suite est étirée en microfil
hybride. Le coeur d’As,Ses du microfil génére une nonlinarité élevée de v = 180 W im™!
tandis que la gaine de PMMA assure une robustesse mécanique suffisante pour la manipu-
lation normale du dispositif et réduit la sensibilité a I’environnement. Avec une nonlinéarité
de cet ordre, un microfil hybride de 10 cm peut remplacer une fibre conventionnelle et com-
merciale (7 ~ 0.01 W™'m™) de 1.8 km. Le fonctionnement réussi de microfils hybrides est
démontrée par 'observation d’automodulation de phase, la génération de supercontinuum,
et la commutation tout-optique. De plus, une structure hybride de microfil avec un coeur
excentrique et une gaine de PMMA est fabriquée pour atteindre une biréfringence élevée et
une nonlinéarité élevée. La biréfringence est induite a partir du coeur d’AssSes excentrique
par rapport a la symétrie circulaire de la gaine de PMMA. Des microfils hybrides excen-
triques avec une biréfringence élevée de b, = 0.018 sont démontrés. Les microfils hybrides
a haute biréfringence peuvent étre utilisés pour les applications telles que la génération de

photons a polarisation intriquée.
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Chapter 1
Introduction

Light is made up of packets of energy called photons that are classified as elementary
particles because they are not composed of any subparticles. The true nature of a photon
is still a mystery because it sometimes behaves like a wave and othertimes it behaves like
a particle. The wave behavior of a photon is confirmed by Young’s double slit experiment
where light shows an interference pattern known for waves. The particle behavior of a
photon is confirmed by the photoelectric effect when photons knock electrons out of a
negatively charged metal ball causing it to neutralize.

Generation, propagation, detection, and interaction of photons have been combined into
a new scientific field of study called “Photonics”. Photons generation can be observed in
mundane activities such as lighting a fire or turning a light bulb ON. Generated photons
can have different frequencies (colors), phases, or polarizations. Invention of lasers that
generates a stream of photons having the same frequency, phase, and polarization has lead
to a revolution in the study of photonics since its first demonstration in the 1960s.

Control of photon propagation has been achieved for centuries using light reflection and
refraction and lead to practical tools such as mirrors and lenses which have been used in
making eye glasses, telescopes, and microscopes. Total internal reflection has also been
used to control photon propagation where it has been used to guide photons in step-index
optical fibers over hundreds of kilometers. Legend says that the first account of guiding
light by total internal reflection was discovered accidentally when a scientist was studying
light refraction with a light source immersed in a water tank. When the scientist opened

the valve to empty the water tank while the light source was still ON, he/she noticed that
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light propagates along the water stream. It was later found that light propagation along
the water stream was due to total internal reflection at the water/air interface and that
such a guiding mechanism could be achieved in any dielectric cylinder surrounded by a
material with a lower refractive index.

Light detection was first achieved through chemical reactions in photosensitive films.
Later, with the discovery of electricity, it was noticed that the resistivity of semiconduc-
tors, such as intrinsic silicon crystals, changed with the intensity of light projected on
it and provided a new method for light detection. The discovery and understanding of
p-type semiconductors such as silicon crystals doped with Boron or Aluminum, and n-
type semiconductors such as silicon crystals doped with Phosphorus or Arsenic lead to the
development of P-N junctions as fast and highly sensitive device for the detection of light.

Interaction between photons has attracted attention due the increasing demand for
fast all-optical data computation and communication. Photons interact in the presence of
matter, and this interaction is observed as nonlinear optical effects. The first nonlinear
effect was observed in the year 1961 where a laser beam was used to generate another laser
beam at half the optical wavelength [3]. Devices based on nonlinear optical effect are called

nonlinear devices and are key elements in all-optical signal processing.

1.1 Kerr Effect for Nonlinear Processing

One class of nonlinear devices is based on the Kerr effect in optical waveguides, where the
refractive index of materials changes with the intensity of optical beams propagating in
them [4]. Devices based on the nonlinear Kerr effect enable a wide range of all-optical
processing applications such as switching [5], wavelength conversion [6], supercontinuum
generation [7], and signal regeneration [8]. For pulses that propagate in a waveguide, the
Kerr effect generates a time-dependent nonlinear phase-shift ¢(¢) with a maximum phase-
shift ¢pspar = YPoLess, where v = kona/Acss is the waveguide nonlinearity, Fy is the peak
power of the pulse, L.y = (1 — e ") /a is the effective length of the nonlinear waveguide,
L is the length of the waveguide, « is the loss coefficient, A.¢s is the modal effective area,
no is the material nonlinearity, kg = 27/ is the wavenumber, and A is the wavelength [9].
For a practical implementation of devices based on nonlinear effects, it is desirable to use a
nonlinear medium with ~ as high as possible such that a given ¢gpy; can be achieved with

a low power consumption (low ) and in a compact device (short L.gy).
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1.2 Waveguide Nonlinearity Enhancement in As;Se; Microwires

In one approach for increasing «y, materials with high ny such as chalcogenide glasses [10]
and doped glasses [11] have been used. Chalcogenide glasses such as As;Sez, AsySs, and
GeS, [12] are chemical solutions of elements from group seven in the periodic table of
chemical elements. They have relatively high refractive indices of nagse = 2.83, nass = 2.35,
and nges = 2.51 at A = 1550 nm [13| due to their high material density. They also
have a high material nonlinearity up to three orders of magnitude greater than that of
silica as shown in Fig. 1.1 [1]. In particular, As,Ses has the potential for a wide range
of signal processing application because it has the highest n, between all chalcogenide
glasses at A = 1550 nm. Indeed, As,Ses fibers have a high intrinsic material nonlinearity
ng = 1.1 x 107" m*W~!, about 500 times greater than that of silica [14].

Chalcogenides ~_

5. ﬁ‘;/other heavy-metal

T e e ... .oxide (HMO) glasses

NE o A (lead-bismuth based)

= silica N Bismuth glass (Asahi)
Schott F & SF

glasses (SiO,-PbO)

fluoride glasses

/0. — 11i5‘ — .2:0, — .215. — .310, — .315
Silica

Fig. 1.1 Material nonlinearities [1]. (©) [2007] IEEE

In another approach, microwires with a large core to cladding refractive index con-
trast [15|, photonic-crystal fibers [7,16], and suspended-core optical fibers [17], as illus-
trated in Fig. 1.2, have been used to reduce A.¢s. In particular, microwires fabricated by

tapering optical fibers have two main advantages over other structures: first, efficient power
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coupling into the microwire is achieved by gradual transformation of the fundamental mode
diameter in the transition region of the taper, and second, they are fabricated starting from
widely available standard step-index fibers. Microwires significantly confine optical beams
due to the high difference between refractive indices of the microwire material and the
surrounding material, which is air in most cases. Due to the tight confinement of optical
beams in microwires, A.¢; decreases and the beam intensity increases. As a result, the
refractive index change due to Kerr effect becomes larger, and the nonlinear phase-shift

and the waveguide nonlinearity increase.

Transition ; Microwire , Transition
region |  section i region

==

Light Guiding
Core

Fig. 1.2 Fiber structures with small A.sy including a) a microwire, b) a
photonic-crystal fibers, and c) suspended-core fiber.

Microwires [18,19], photonic-crystal fibers [20], and suspended-core fibers [21] made of
chalcogenide glass combine both aforementioned approaches and thus achieve among the
largest values of ~ available in glass fiber structures. The first designs towards the fabri-
cation of chalcogenide microwires were air-surrounded microwires [18]. Similar to photonic
crystal and suspended-core fibers made of chalcogenide glasses [20,21], such microwires are
highly nonlinear and have an engineerable chromatic dispersion. However, chalcogenide

microwires are prone to rupture due to their thin structure and must be used in a dust free
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or controlled environment because ~ 9% of the fundamental mode propagates outside the
microwire.

Microwires are formed in the waist of tapered optical fibers as presented in Fig. 1.2-a.
The widespread heat-brush method is used for tapering fibers where a heater translates
back and forth along a variable-length heating-zone and the taper is continuously stretched
under tensile force [22]. This method is successful for the fabrication of tapered fibers
with similar transition regions and a uniform waist [22-24], as illustrated in Fig. 1.2-a. We
have developed and reported a generalized heat-brush tapering method that enables precise

control of the shape of the taper waist [25].

1.3 Robust and Highly Nonlinear As;Se;-PMMA Microwires

Chalcogenide glasses have been combined with polymers, tellurite, and silica to form pho-
tonic fiber structures for a variety of applications. A Bragg fiber composed of alternating
chalcogenide-polymer layers surrounding a polymer core have been fabricated to guide CO,
laser light [26-28]. A photonic crystal fiber composed of a chalcogenide core and a holey
tellurite cladding has been fabricated and used for supercontinuum generation [29]. More
recently, a fiber with a chalcogenide core and a silica cladding has been used for supercon-
tinuum generation in the near infrared [30].

We have reported the fabrication and optical characterization of the first hybrid As,Ses-
PMMA microwire, prepared by tapering a single-mode step-index As,Ses fiber that is
coated with a PMMA layer [19]. Figure 1.3(a) presents a schematic of a hybrid microwire
fabricated by tapering a single-mode step-index As,Ses fiber that is coated with a PMMA
layer [19]. With this material combination, the As;Ses core of the microwire provides a
large nonlinearity whereas the PMMA coating ensures mechanical robustness and flexibility
to the assembly for normal handling as well as limiting the evanescent interaction with
the environment. In the fabrication process of the hybrid microwire, a single-mode step-
index AsySes fiber is used to ensure single-mode propagation from the fiber input to the
microwire and from the microwire back to the fiber output, given that the taper transition
region satisfies the adiabaticity criteria [31,32]. In this case though, the transmission of

the resulting hybrid microwire depends upon the As,Ses fiber quality and design.
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Microtaper
Transition Microwire Transition
region . section | region

PMMA coating —_—

As,Ses step-index fiber

PMMA coating —_

(b)

Bulk As,Se; cylinder

Fig. 1.3 Schematic of hybrid microtapers fabricated from a) a PMMA coated
single-mode step-index AsySes fiber, and b) a PMMA coated multi-mode bulk
AssSes cylinder.

Hybrid microtapers with single-mode transmission can also be fabricated from a multi-
mode AsySez-PMMA fiber composed of a bulk As,Ses cylinder that is coated with a PMMA
layer [33], as presented in Fig. 1.3(b). The multi-mode hybrid fiber must be tapered suf-
ficiently such that only the fundamental mode is preserved in the AsySes core of the mi-
crowire. Single-mode transmission in tapered multi-mode fiber structures was first observed
and studied in tapered fused couplers [22,34|. Later, different tapering schemes have been
used to filter out higher order modes in multi-mode fibers and achieve single-mode trans-
mission [35-37].

Just as the hybrid microwires reported earlier in [19], hybrid microwires fabricated by
tapering multi-mode AsySe3-PMMA fibers [33] provide single-mode transmission, an ultra-
high waveguide nonlinearity, an enhanced mechanical robustness, and reduced sensitivity
to the surrounding medium. In addition, tapered multi-mode As,Se3-PMMA fibers require
low cost AsySes cylinders instead of the single-mode AssSes fibers, the initial core of the
multi-mode AsySes-PMMA fiber is tailored for optimal coupling between the fundamental
modes of the hybrid fiber and the standard single-mode silica fibers, and the PMMA layer
is thicker leading to further enhancement of the mechanical robustness and allowing for

manual handling and easy packaging of the hybrid microwire.
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1.4 Applications of As,Ses-PMMA Microwires

Chromatic dispersion in AssSe3-PMMA microwires has been engineered for specific ap-
plications such supercontinuum generation [19], soliton self-frequency shifting [38|, and
four-wave mixing [39]. The main design parameter in microwires with a uniform cross-
section is the AsySes core diameter, which can be used to achieve zero dispersion at any
wavelength in the C-band [19,39]. Another degree of freedom in the design of chromatic dis-
persion is achieved through the fabrication of microwires with a non-uniform cross-section,
which can be used to shifts the zero-dispersion wavelength along the microwire [25,38] for
extended and flat supercontinuum generation [40,41] and enhanced soliton self-frequency
shift [38,42].

High birefringence has been achieved in hybrid microwires by placing the AssSes core
close to the air-PMMA interface [43], and thus forming an eccentric-core hybrid microwire [44—
46|. Birefringence in such highly nonlinear microwires can be used for applications such
as polarization-entangled photon generation by four-wave mixing [47,48|. Birefringence
engineering enables the selection of the wavelength at which the phase matching condition
for four-wave mixing is satisfied [49, 50].

Bragg gratings in hybrid microwires have been fabricated using transverse holographic
method using an HeNe laser at a wavelength of A = 633 nm [51]. The high transparency of
PMMA and the high photosensitivity of AsySes at A = 633 nm allows for direct inscription
of strong Bragg gratings on the AssSes core in the microwire. A Bragg grating with an
extinction ratio of 40 dB in the C-band has been demonstrated [51|. Such Bragg gratings
can be used for sensing applications [52, 53|, all-optical switching [54], and slow light [55].

Dual-core hybrid micowires composed of two AssSes cores and a PMMA cladding can
be used for a variety of linear applications such as power splitting and combining [56-60],
polarization splitting and combining [56], filtering [57-60], and sensing [22,61]. Dual-core
hybrid microwires with highly nonlinear Asy;Ses core can be used for all-optical switch-
ing [62]. The coupling length in hybrid couplers can be engineered by changing the di-
ameter of each AsySez core or by varying the separation between the cores to reduce the

all-optical switching power [62,63].
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1.5 The Thesis

In this thesis, I present the hybrid AssSes-PMMA technology platform for the fabrica-
tion of highly nonlinear microwire structures composed of an As;Ses core and a PMMA
cladding. The aim of this thesis is to show that hybrid microwires provide high waveguide
nonlinearity, and provide flexibility for the engineering of their linear properties such as
chromatic dispersion and birefringence. First, I present methods for the analysis of the
field distribution in microwires and the propagation of pulses in them. Second, I present an
improved taper fabrication method which is used for the fabrication of hybrid microwires.
Third, I present one approach for the fabrication of highly nonlinear hybrid microwires by
tapering single-mode step-index As,;Ses fibers that are coated with a PMMA layer. Fourth,
I present another approach for the fabrication of highly nonlinear hybrid microwires by
tapering multi-mode hybrid AssSes-PMMA fibers that are composed of an As;Ses core
and a PMMA cladding. Fifth, I present a the fabrication and characterization of highly

nonlinear hybrid microwire with an eccentric-core for achieving high birefringence.

1.6 Comparison with Existing Technologies

Main competing technologies include air-cladding Asy;Ses microwires, other hybrid mi-
crowires having an As,Ses core with a tellurite or silica cladding, and fibers with advanced
geometrical cross-section such as suspended-core and photonic crystal fibers. This section
highlights the main advantages and disadvantages of hybrid As;Se3-PMMA microwires with
respect to other competing technologies. Relevant points of comparison include mechanical
robustness, sensitivity to the surrounding environment, waveguide nonlinearity, dispersion

engineering, loss, length, ease of fabrication, and potential applications.

Air-Cladding As;Se; Microwires

The advantages of coated microwires with respect to uncoated microwires include enhanced
mechanical robustness, reduced sensitivity to the surrounding environment, dispersion en-
gineering, and length. First, the thick PMMA cladding in hybrid microwires leads to
enhanced mechanical robustness and reduced sensitivity to the surrounding environment.
Second, hybrid microwires provide additional freedom in dispersion engineering by changing

the the PMMA cladding diameter and the use of dye-doped polymers. Finally, uncoated
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microwires are fabricated using a tapering process and are limited to a length < 30 cm.
An AsySes microwire coated with a PMMA layer does not have this limitation because a
hybrid fiber with a submicron As,Ses core and a PMMA cladding with a diameter > 80 ym
can be fabricated by drawing hybrid fiber preforms to obtain any fiber length.

The disadvantages of coated microwires with respect to uncoated microwires include
lower waveguide nonlinearity, and higher loss. The core/cladding refractive-index-difference
of uncoated microwires [18] with an As;Ses core and an air cladding, An = 2.37, is higher
than that of hybrid microwires with and As,Ses core and a PMMA cladding, An = 1.83;
hence, uncoated microwires lead to higher waveguide nonlinearity than hybrid microwires.
For example, the maximum nonlinearity at A = 1550 nm for an uncoated microwire can
theoretically reach v = 255 W—lm™!, whereas it can theoretically reach v = 187 W—lm™!
in a hybrid microwire. Moreover, replacing the air cladding with a PMMA cladding in-
creases signal attenuation as the PMMA have high absorption losses. The loss in uncoated
microwires at the diameter of maximum nonlinearity is 0.0073 dB/cm, whereas the loss in

hybrid microwires at the diameter of maximum nonlinearity is 0.069 dB/cm.

Other Hybrid Microwires

Other hybrid structures such as silica-coated and tellurite-coated hybrid mirowires pro-
vide similar waveguide nonlinearity and chromatic dispersion values as PMMA-coated
microwires [29,30]. Moreover, similar to PMMA-coated microwires, tellurite-coated mi-
crowires can be fabricated using a heat-and-draw process because chalcogenide glasses and
tellurite have similar softening temperatures [29]. The advantages of PMMA-coated mi-
crowires with respect to other hybrid microwires include ease of fabrication, and unique
potential applications. The softening temperatures of silica and chalcogenide glasses differ
by more than 1000° C and can not be fabricated using conventional fiber drawing tech-
niques. Instead, a hollow-core silica fiber is drawn separately, and then molten chalcogenide
glass is injected into the hollow core [30]. Moreover, the organic chemical composition of
the cladding in PMMA-coated hybrid microwires has several advantages over the inorganic
chemical composition of the cladding in tellurite-coated and silica-coated hybrid microwires
including the following: first, PMMA is porous giving it the ability to trap other chem-
ical molecules for sensing applications, and second, PMMA can incorporate organic dyes

for nonlinearity enhancement, dispersion engineering, and sensing applications. The only
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disadvantage of PMMA coated hybrid microwires with respect to other hybrid structures
is higher loss. Silica-coated and tellurite-coated hybrid mirowires have lower attenuation

because silica and tellurite have lower absorption losses than PMMA.

Suspended-Core and Photonic Crystal Fibers

Similar to hybrid microwires, suspended-core fibers guide light by total internal-reflection [64—
66]; however, photonic-crystal fibers guide light through a photonic bandgap [67]. The
disadvantages of hybrid microwires with respect to fibers with advanced geometrical cross-
sections such as suspended-core and photonic crystal fibers include dispersion engineering
and loss. Dispersion in photonic-crystal fibers depends on the air-hole diameter d and the
hole to hole spacing A, and hence provides additional parameters for dispersion engineer-
ing [68,69]. Moreover, suspended-core and photonic-crystal fibers exhibit losses exceeding
0.01 dB/cm when the core diameter is reduced to maximize 7 [26,27,69]; however, it is
still lower than the loss in hybrid microwires, 0.069 dB/cm. The disadvantages of hybrid
microwires with respect to suspended-core and photonic crystal fibers can be turned into
advantages as follows. If a polymer with lower losses than PMMA is used, the hybrid
microwires will have much lower loss. Moreover, our hybrid technology platform can incor-
porate the dispersion engineering advantage of suspended-core and photonic-crystal fibers
by replacing the air-holes in these structures with PMMA to obtain hybrid suspended-core
and photonic-crystal fibers. In fact, replacement of air with PMMA in suspended-core and
photonic-crystal fibers simplifies the fabrication process because it eliminates the problem

of hole collapse.

1.7 Main Contributions

Our main contributions include the following: first, development and demonstration both
by simulation and experiment of a generalized heat-brush tapering method for precise
fabrication of tapers with a nonuniform waist profile and dissimilar transition regions, as
presented in Chapter 3; second, a method for simultaneous measurement of the core diam-
eter D and numerical aperture N A using the transmission spectrum of a step-index optical
fiber in the dual-mode wavelength range, as presented in Chapter 4; third, the fabrication
and optical characterization of the first hybrid chalcogenide-polymer microwires obtained

by tapering single-mode hybrid AssSe3-PMMA fibers, as presented in Chapter 4; forth,
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demonstration of single-mode transmission and high nonlinearity in tapered multi-mode
AssSes-PMMA fibers, as presented in Chapter 5; fifth, the fabrication and characterization
of ECHMs with high birefringence and high nonlinearity, using the hybrid As;Ses-PMMA
technology platform, as presented in Chapter 6.

1.8 Outline

Chapter 2 introduces the methods used in the analysis of microwire structures. First, the
basic microwires structure with an As;Ses core and a PMMA cladding is analyticaly studied
using a step-index fiber model. Second, microwires with complex structures such as a finite-
cladding or an eccentric-core are numerically analyzed using the tangential vector finite-
element method. Third, the nonlinear Schrodinger equation is derived for modeling pulse
propagation in microwires. Finally, the split-step Fourier method is used for simulating
pulse propagation in a microwire by numerically solving the nonlinear Schrodinger equation.

Chapter 3 presents the development and demonstration both by simulation and exper-
iment of the generalized heat-brush tapering method. First, single-sweep tapering is pre-
sented and simulated using a viscous fluid flow model. Then, the generalized heat-brush
approach is implemented by tapering a fiber over multiple sweeps. The simulation results
from the single-sweep tapering analysis are used to quantify the accumulated mismatch
error after each tapering sweep. Finally, we use of the generalized heat-brush approach to
fabricate an AssSes chalcogenide taper with a linearly decreasing waist profile and dissimilar
transition regions.

Chapter 4 presents the fabrication of a hybrid As,;Ses-PMMA microwires from single-
mode hybrid As;Se3-PMMA fibers. First, AsySes-PMMA fibers are fabricated by coating
a single-mode As,;Ses fiber with a PMMA layer. Second, hybrid micorwire parameters
including the waveguide nonlinearity, chromatic dispersion, and material loss are calculated
using the analysis methods presented in Chapter 2. Third, the hybrid fiber is tapered
using the tapering method presented in Chapter 3 to obtain a hybrid microwire. Finally,
self-phase modulation and super-continuum generation are demonstrated in the fabricated
microwires.

Chapter 5 investigates an alternative approach for the fabrication of hybrid AssSes-
PMMA microwires by tapering multi-mode hybrid As,Ses-PMMA fibers. First, multi-mode

and large refractive index contrast hybrid fibers are fabricated with an AsySes core and a
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PMMA cladding. The AssSes core diameter is designed for optimal coupling between the
fundamental mode of the hybrid fiber and the fundamental mode of a standard single-
mode silica fiber (SMF). Second, a segment of this multi-mode fiber is tapered into a
microwire until the Asy,Sez core sustains single-mode transmission. Finally, the microwire
is characterized and used as the nonlinear component of a Kerr-shutter to a achieve all-
optical switching.

Chapter 6 presents the fabrication and characterization of eccentric-core hybrid mi-
crowires with high birefringence and high nonlinearity. First, birefringence in eccentric-core
microwires is calculated using the finite-element method presented in Chapter 2. Second,
eccentric-core multi-mode hybrid fibers are fabricated with an eccentric As,Ses core and a
PMMA cladding using the multi-mode hybrid fiber fabrication method presented in Chap-
ter 5. Third, a segment of the eccentric-core multi-mode fiber is tapered into a microwire
with single-mode transmission. Finally, group birefringence and the waveguide nonlinearity
of the resulting eccentric-core hybrid microwire are characterized to show close agreement
with numerically calculated values.

Chapter 6 presents some conclusive remarks and a few of the research projects that

have been triggered by the results obtained in this thesis.
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Chapter 2
Microwire Analysis

In this chapter, methods used in microwire analysis are presented. Microwire analysis as-
pects of interest are the calculation of microwire modes and their associated parameters
including dispersion birefringence and nonlinearity, and the simulation of pulse propagation
in the microwire with inclusion of the effects of dispersion, birefringence, and nonlinearity.
First, we present analytical study of step-index fibers used to model microwires. Second,
the tangential vector finite-element method is presented for analyzing microwires with com-
plex structures such as finite-cladding and eccentric-core microwires. Third, the nonlinear
Schrodinger equation for modeling pulse propagation in microwires is presented. Fourth,
the split-step Fourier method is presented for numerically solving the nonlinear Schrodinger

equation and simulating pulse propagation in a microwire.

2.1 Step-Index Fiber Waveguides

In this section, we present an analysis of step-index fiber waveguide used for modeling
microwires. Figure 2.1 presents a schematic of a microwire structure, which is modeled
a cylindrical core surrounded by an infinite cladding. This analysis is used to find the
effective refractive indices and the vector field distribution of the modes propagating in
the microwire, which are used to calculate the main microwire parameters including the

chromatic dispersion and the waveguide nonlinearity.
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Fig. 2.1 Schematic of a microwire with an infinite cladding diameter.

The propagation of an electromagnetic field is governed by the Maxwell equations given
by

. 0B

E=-=—" 2.1
V x oy (2.1)

. - 9D
H = - 2.2
V x J+ 5 (2.2)
V.D = p; (2.3)
V.B=0 (2.4)

where E and H are the electric and magnetic field vectors, py is the charge density, J is

the current density, D and B are the electric and magnetic flux densities given by
D =eE + P, (2.5)

B = uoH + M, (2.6)

with P and M being the induced electric and magnetic polarizations. Dielectric glasses

used in optical fiber are charge free and nonmagnetic leading to J= 0, pf =0, and M =0.
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Application of the curl operator to Eq. 2.1 leads to

and with the application of Eq. 2.5, the last equation is rearranged to obtain

VXVXE:—MO%[VXFI]

This equation is expressed in terms of the electric field E by using Eq. 2.2 to obtain

VX E=—ppe——,
V x V x Hos 503

—

and the application of the vector identity V x (V X A) \Y% (V . ff) — V2A leads to

In a homogeneous medium, where the refractive index is the same everywhere, the term
\% (V . E) is zero leading to the Helmholtz equation

27 0*E

In a circular coordinate system, the electric field Eis expressed as

~

E(r,¢,2) = E, (r,6,2)7 + Ey (r,¢,2) ¢+ B, (1,6, 2) 2 (2.8)

and Eq. 2.7 becomes

OF ~ E n
(V2B = 3% — &)+ (VB + 3% - )9

+(V2E.) 2 — pels (ET + By + Ez) ~0
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leading the following set of equations

2 0E, E 2
2 ¢ T _
ViE =g~ Hegptr =0
2 0B, E 2
2Fy 4 L ¢ E
Vil r2 J¢ 2 Mgt 0
82
V2E, — pe==FE. =0
e o

The equation for F, is expanded as

10 ([ OF, 1 °E, O°E, 9”

e - —ue—=FE,=0 2.9
ror <7’ or ) * r2 0¢? * a:2  or (2:9)
and is solved using the method of separation of variables by assuming the solution E, has
the form

E.(r,¢,2) = R(r)®(¢) Z (2) . (2.10)

Replacing F, from Eq. 2.10 in Eq. 2.9 leads to

1 10R(r) 1 9?R(r) 1 i@sz(qﬁ)_'_ 1 827 (2)

2 2
R(r)r oOr + R(r) o0r? * O ()12 0¢? Z(z) 022 ko™ =0
which is rearranged as
1 10R(r) N 1 O0*R(r) 1 l&ZCID(gb) 2 1 0%Z(2)
R(r)yr or R(r) or? O ()12 0¢? o =77 (z) 022

to obtain

1 _19R(r) 1_9%R(r) 11 9°%(e) 2,2 _ 732
R o T RO o T a@e e T konT =0

1 82Z(z) 02
{ T Z(z) 022 T 5 )
The equation in Z (z) is solved as

7 (2) = e 9P= (2.11)
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whereas the second equation is rearranged as

2
+ ]{7(2]7127"2 . 62T2 — 1 8 q)(gb)

®(¢) 0¢?

r 8R(T)+ r? 9?R(r)
R(r) oOr R(r) oOr?

1 9%®(9) 02
() 3)¢2 ’

to obtain

r OR( r2 0%R(r) 2.2 2 2,2 _ 2
RO o T Rm) o T Ronrt — Tt =

The equation of ® (¢) is solved as
®(p) = e (2.12)

where v must be an integer which to satisfy the condition ® (¢) = ® (¢ + 27). The equation

of R(r), rearranged as

PR(r) 10R(r) o o o U B

is known as the Bessel differential equation, which is solved using the series method to
obtain a series expansion of the solutions known as the Bessel functions [70].
The microwire is composed of a cylindrical core and a cladding, and the refractive index

distribution in the microwire is given by

ny for r < a,
n =
o for r > a.

where n; and ng are the refractive indices of the core and the cladding, respectively, and
a is the radius of the core. Within the core, (kn? — % —v%/r?) > 0 and the solution is
given by R(r) = AJ, (kr) + BY, (kr) where J, (kr) and Y, (kr) are the Bessel functions
and k% = kZn? — 2. The function Y,, (kr) has an infinite value at r = 0, and hence, B must
be zero because the field energy should be finite. Outside the core, (kn3 — 32 — v?/r?) < 0
and the solution is given by R (r) = CK, (yr)+ DI, (yr) where K, (vyr) and I, (yr) are the
modified Bessel functions and v* = 32 — kZn3. The function I, (yr) has an infinite value as
r — oo, and hence, D must be zero to get a physically acceptable solution. The solution
of Eq. 2.13 is R(r) = AJ, (kr) inside the core and R (r) = CK, (vr) in the cladding and
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the distribution of the z-component of the electric field E, is given by

o (2.14)
E. (r,¢,2) = CK, (yr) e/*?e P2eivt r >q

{ E.(r,¢,2) = AJ, (kr) e/*®e 1Bzt < q, }
Using a similar analysis as the one for the electric field, the distribution of the z-component
of magnetic field H, is given by

{ H, (r,¢,2) = A'J, (kr) e/¥Pe=i82ciwt < q } (2.15)

H, (Ta qb, Z) = C/Kv (77’) ejv(be—jﬁ-zejwt r>a

The remaining electric and magnetic field components E,, E,, H,, and H, are calculated

from FE, and H, using
(

_ _ B OB, | wuldH,
Er= G |or + 5100
— _JB _|19E. _ wpoH.
E¢ T w2ue—pB2 | r 09 B or (2 ].6)
H o— 8 [oH. _ weloE ‘
T Ww2ue—p2 | or B r 0¢
— 8 10H, _ wedE.
| Ho = e |v 06 — 5 o
Replacing F, and H, from Eq. 2.14 and Eq. 2.15 for r < a in Eq. 2.16 leads to
( . . . .
E, = %f A/f—a‘]g,g':r) + A, (m’)] eIvPe=iBzeiwt
Ey= 22| 2AJ, (kr) — %‘A//ﬂ—a‘]g(m)] eIvPeiBz it
ot . " o (2.17)
Hr — ;2/3 A/,{ané/;r) _ stﬁ():ﬁvAJU (’Wﬂ ejvd)e—],@.ze]wt
\ Hy = %f AT, (kr) + _wg%n‘;’ Aﬁ—ajgéir)} eIVt e=iBzeiwt
and replacing Eq. 2.14 and Eq. 2.15 for » > a in Eq. 2.16 leads to
( . OKy(yr oL v — By iw
E, = % C"y—lf%(: ) 4 jﬁ—‘;C’Kv (77“)} eIvbe—iBzpiwt
Ey =8| 2CK, (yr) — %0’7—6%(’”)} elvbe=ifzeiwt
X T L o (2.18)
Hr _ ?y_,g’ 017812;7(: ) 8507”2 CKU (,.)/7,)] ejwj)e—gﬁ.zegwt
j jv weon3 0Ky (yr v ,—iB.2 ,jw
\ Hy = Jﬁ—‘j ZCO'K, (yr) + 82 2(C 87(;’ )] eIvde—iB-zpiwt

The set of values of § and v that make the tangential electric field components E,, H.,

E, and Hy continuous at the core/cladding boundary correspond to the modes of the
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microwire. The continuity of £, H., 4 and Hy at the boundary leads to

A, (ka) = CK, (ya)
AT, (ka) = C'K, (yr)

| 2 [2AJ, (ra) - 2 A2 = 8 [ CF, (1) - wumaf%M (2.19)
\ _14_25 J;UA/JU (/-m) + wsonlA 8J5£f:a) _ ?)/_[23 [%}CIKU (/ya) + wsOnZC a%ﬁfza)]
which is rearranged to obtain
T
[M] < A A CC > =0 (2.20)
where
Jo () 0 —K, (ya) 0
0 qu (K/CL) O _Kv (rya)
[M] = Bv juw / Bv K ipe per . (2.21)
anQ‘] ( ) J (l‘ﬁa) (’ya) - 4 (P)/a)

st 1 (ra) 25, (ra) K (0) 25K, (1)

To get a nontrivial solution for ( A A’ C ()T, the determinant of the matrix [M] is

set to zero leading to the characteristic equation

5242 [%*ir _ { Jo(sa) | K} (va))] ' {kﬁ%n?% (ka) | kgnaK (va) (2.22)

a? K2 /{Jv (/{a) 7Kv (’70’ /{JU (’ia) 7Kv (rya) 7

known as the dispersion equation. For any wavelength A and integer v, the only unknown
in Eq. 2.22 is 8, which is found by solving Eq. 2.22 numerically or graphically.

To completely determine the field distribution, the coefficients A, A’, C, and C’ must be
specified. When the determinant of [M] is zero, the coefficients A’, C, and C” in Eq. 2.20

are expressed in terms of A. The coefficients C' and C” have unique expressions given by

_ Jy(ka)
€= oat (2.23)
o = oK) (2.24)
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but the coefficient A’ can be expressed by either

1 1
YL b+ ]
wpa [ Ji(ka) K;wa)}

|:I$JU(I€(1) + YKy (va) ]

(2.25)

which corresponds to E, continuity leading to EH modes for which A" > A, or

kgniJy(sa) | kgn3Ky(va)

A,_jwa[ kdy(Kka) + YKy (va)
D

}A (2.26)

which corresponds to Hy continuity leading to HE modes for which A" < A. Setting A
to an arbitrary value such as A = 1 specifies the coefficients A’, C', and C” and the field
distribution for both HE and EH modes are calculated using Eq. 2.17 and Eq. 2.18.
Figure 2.2 presents the calculated electric field components E,., E,, and E, for a hybrid
microwire with an AssSes core refractive index n; = 2.83, a PMMA cladding refractive
index ny = 1.463, and a core diameter of 0.45 pm at A = 1550 nm. The radial field com-
ponent FE, is discontinuous at the core/cladding interface due to the large refractive index
difference between the core and the cladding; therefore, any analysis based on the weak
guiding approximation is not accurate. Moreover, the longitudinal field component F, has
the same order of magnitude as both the radial component E, and the angular component
Ey; therefore, any analysis based on the scalar field approximation is not accurate and the

vectorial nature of the field must be considered.
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Fig. 2.2 The distribution of a) E,, b) E4, and c) E. for the mode HEq; in a
microwire with n; = 2.83, ng = 1.463, and a = 0.225 pm at A = 1550 nm.

2.2 Microwire Parameters

The microwire parameters of interest are chromatic dispersion, waveguide nonlinearity and
losses. These parameters are essential for the study of nonlinear pulse propagation in
microwires. These parameters can be engineered for linear and nonlinear applications by

changing the microwire structures and geometrical dimensions such as the core diameter.

Chromatic Dispersion

Determination of the chromatic dispersion (D.) and the waveguide nonlinearity involves
solving Eq 2.22 to obtain the propagation constant § as a function of A for the funda-
mental mode HEq;. Solving the characteristic equation takes into account the wavelength

dependence of the refractive indices of the core and the cladding obtained from the Sellmier
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relation [71]
i=3
2 =14 AN (N =N,
i=1
or equivalently, from the Cauchy relation |71]
n® = By + BoA* + BsA 72 + BT 4+ BsA T 4 BeA P

The chromatic dispersion is calculated using [9]

- d2n€ ff
.= — , 2.27
¢ dN? (2:27)
where n.r; = /ko with kg being the wavenumber.
Waveguide Nonlinearity
Using scalar analysis as described in [9], the value of + is calculated using
Y= kzong/Aeff (2'28)
with ny being the material nonlinearity where A,y is the effective area given by
2%\ ()P dedy]
Aefr = (2.29)

ff |Fa:y|d:vdy

and kg is the wavenumber and F'(x,y) is the scalar electric field distribution. However,
it has been shown in Section 2.1 that the scalar field approximation is not accurate for
microwires and the vectorial nature of the field must be considered. The first analytical
formulation of the waveguide nonlinearity using the vector electric field distribution ﬁ, and
the vector magnetic field distribution Hz of the fundamental mode HE; in microwires has
been presented by Tzolov et al. [72,73]. The difference of material composition between
the core and cladding of the microwire has been included in the calculation of v by Foster

et al. [74]. A formula for v accounting for both the vectorial field distribution and the
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different material composition of the microwire has been presented in 75| and is given by
v = kona/Acyy (2.30)

with 715 being the effective material nonlinearity given by [75, 76|

14 512
o e (@ y)na (2, ) (Q‘E + | E? ) dA
—— (2.31)

Ho 31 |[E = ] -2’2dA

?

and A.sp given by [75,76|

2

I [Ex ] - zda

Il

Acpr = R (2.32)

dA

=,

z

.

where ng is the refractive index, n, is the material nonlinearity, E and ﬁ are calculated
using Eq. 2.14, Eq. 2.15, Eq. 2.17, and Eq. 2.18, ¢y and pg are the electric permittivity and
the magnetic permeability of free space, respectively, z is the direction of propagation and

A is the transverse surface area.

Material Loss

Losses in microwires can arise from the material losses and roughness of the surface of
the microwires. Material losses in a microwire depend on both material absorption and
Rayleigh scattering [9]. The estimation of the material losses in a microwire must take into
account the difference of material composition between the core and the cladding. Material

losses in a microwire are calculated using

dB _ dB dB
ahybrid - FCO"‘E X Qpore + FClad X Qelads (233>

where I'; = P;/ P,y is the confinement factor with P; being the power fraction of the mode

in layer i and P, the total power of the mode [77].
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2.3 Tangential Vector Finite-Element Method

Advanced fiber microwires structures with a finite cladding diameter, an eccentric core, or
multiple cores are analyzed using numerical methods such as the finite-difference method [78§],
the boundary-integral method [79], the eigenfunction expansion method [44], and the finite-
element method [80-82]. Full vector field analysis is required in fiber waveguides with
composite structures and sub-wavelength dimensions because scalar field approximation is
not accurate. Vectorial finite-element methods have been developed to find vector field
distributions in fiber waveguides; however, these methods give rise to “spurious solutions”
corresponding to non-physical solutions where the calculated field amplitude does not con-
verge to zero as r — oo [82|. Spurious solutions arise because continuity of tangential
components of the electric field at the element edges is not enforced.

A tangential finite-element method, based on “edge elements”, has been used to elim-
inate spurious solutions that result from vector finite-element methods. In this method,
a combination of scalar and vector basis functions are used to represent the vector field
distribution in an element, and the unknowns are the tangential component and the longi-
tudinal z-component of the electric field. In this section, we present the tangential vector

finite-element method for analysis subwavelength fiber waveguides.

Domain Discretization

Figure 2.3 presents a schematic of a triangular element used for the discretization of the
waveguide structure. The nodes n; with i € {1,2,3} on the elements are numbered in anti-
clockwise orientation, and the edges e; with ¢ € {1,2,3} in each element are numbered
as illustrated in Fig. 2.3. An open source mesh generator is used to construct a mesh
representing the fiber waveguides under study [83]. Figure 2.4 presents a sample mesh

generated for a microwire with a finite cladding.
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Fig. 2.3 Schematic of a triangular element.
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Fig. 2.4 Mesh sample for a microwire with a finite cladding.

First-order interpolation functions are used to approximated the electric field within

each element; therefore, capturing the details of the field distribution requires increased

density of the triangular elements in and around the core to guarantee adequate represen-

tation of the electric field distribution. Larger elements can be used away from the core

because the electric field distribution has smoother changes; however, according to the sam-

pling theorem, the lengths of the edges of all the triangular elements must be shorter than

half the wavelength of the electromagnetic wave propagating in the microwire so that the

finite-element analysis is able to detect modes at that wavelength. In fact, the longest edge
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length of all the triangular elements must be sufficiently shorter than half the wavelength
to obtain precise solutions of the field distribution. Moreover, the boundary of the mesh
is assumed to be a perfect conductor such that the electric field at the outer boundary
edges of the mesh is zero. Therefore, obtaining a precise mode solution requires the mesh

boundary to be placed such that the electric field can be approximated to be zero.

Variational Formulation

The boundary value problem for a waveguide is given by
1 = 5 =
Vx| —=VxLE)—-kyegE=0
Lor

in 2 and the boundary condition
i x E =0

on I'y, and

n X (V X E) =0
on I'y, where () is the cross section region and the boundary of the cross section is I' =
', T, [82]. The equivalent variational problem is § F(E) = 0, and i x E = 0 on I'; where

ﬂ@:%%ﬂi(vX@.@wﬁy—%&Eﬁ}m

given that &, and s, are real. Using E(z,y,2) = E(z,y)e %% with E(z,y) = Ey(z,y) +
E.(z,y)k and Ey(x,y) = E,(z,y)i + E,(z,y)J, the expression E.E* becomes E.E* =
Et.ﬁf + E,.L7%, and the product (V X E) . (V X E) becomes

(vXE)(vXﬁfzquﬂq@EMwEﬁq@@r+ChxE)@nxﬂf

where
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leading to a new form for the functional given by

// o Vt X Et> ) (Vt X Et>* — kgerﬁt.ﬁf * .

+— VtE + jk. Et> . (vth + jkzﬁt> k2, E..E?
Using the substitution e; = kzﬁt and e, = —jE, the functional becomes
// { (Ve % et) (Vi x &) — kie,é.e" }dQ
+k2 L (Vie. +@). (Vies + &) — kga,ezej] '
Basis Functions

The first order interpolation expansion functions inside each element are given in terms of
the coordinates (z;,y;) of node n; with ¢ € {1,2,3} by the relation [82]

1
L; = SAC (a; + bz + ciy)

where the coefficients a;, b;, and ¢; are given by

a; = Toyz — Yoz b1 =y —ys c1 =3 — T
Ay = T3y — Y21 by = Y3 —y1 Co = 11 — T3

a3 =T1Yo — Y1Tz b3 =y — Y2 €1 =Ty — 11

and the area of the triangular element A° is given by

Iz oy )
A = 5 1 T2 Yo | — 5 (b1C2 - b201> .
1 x3 y3

Scalar basis functions N; = L; is defined inside an element e for each node i and the

z-component of the electric field is given by
3

ex =) Niet, = (N} {e} = {ec} {N°}. (2.34)

=1

Vector basis functions Nk =1 (L;VL; — L;VL;) are defined inside an element for each
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edge k connecting node i to node j, where [; is the length of the edge ey and VL, =
(1/2A°) (bﬁ + czj) These vector basis functions satisfy the following identities [82]:

V.N, =

w]v—lk;;
k:_Ae 3

&Ny, = 1.

The electric field component in the plane of the cross-section of the fiber waveguide is

expressed in terms of the vector basis function as

f= Y Neeh = { N} (e = gery” {5} (2.35)

The Ritz Formulation

Using e, = {e¢}" {N°} and &, = {e¢}" {]\76}, the functional becomes
Y
where F (€) is the functional integral within element e with

(3 o [ (Ve N) (Ve W) = g (W) ()] a2 et
Sl | (JZ ) (8¢)] a9 ches;

F@ =300 o | e [ (V) (VM) e efes
T e [ TN (M) [ ecies;
. L +% ffﬂf l%r (vt z) : (VtN]e) - kgffr (Nie) (N >:| df ezzez 1)

The field distribution over the entire domain {2 is obtained when
0 0
—_F —F(&) =0
et O gt @

9 0
dhetent Ot gimpe g @ =0
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leading to the global eigenvalue equation

Att 0 €t _ ki (&

0 0 €, €,

Using [B.;] {e:} — k? [B..] {e.} = 0, the eigenvalue equation reduces to

Btt Btz
th Bzz

[Au] {et} = k‘g [B;s] {ed}

where [Bl,] = [Be][B..] " [B.] — [Bu]. The global matrices [Ay], [Byl, [Bi], [B.], and
[B..| are calculated from the element matrices [A%], [Bg], [Bf.], [BS], and [BS,] given by

A5 = [fon { {vt x N° } .{vt X N@}T By {N} . {Ne}T} dQ)
1Bi) = floe & { N} {J\?@}T do)
[Bs.] = [Jge = " { } AVNe}TdQ
B2 = fly e (VN N} a0
B = [ [M— [ViN} VN~ kges { N} {N@}T i)

where

A5 (1, 5) = [fge [ul <Vt X Ne) (Vt X ]\7@> — kgaﬁ]\?ie.ﬁj¢- dQ)
B (i) = [oe 2= Ne.NpdQ )
Bi.(i,3) = [[oe 4 ! LNEV NedQ
B(i,7) = [foe 72 v = ViNy. N§.dQ
= JJo [u (Vi) (Vthe) — k3e ﬁNfNje] aQ

are the components of the element matrices.

Algebraic Expressions for the Element Matrices

The components of the element matrices can be calculated using simple algebraic ex-
pressions [82]. Using the identity V x Ny, = (I/A¢)k and defining the integral F; =
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| er ]\716]\7 7dS) that is algebraically calculated using

=

Fi = 2425 (fa2 = frz + f11)

Fio = Fy = 4l§lA2 (f23 = f2o — 2f13 + f12)
Fi3 = F3 = 4l§l§e (for — 2fas — fui + fi3)
Fa = 242 (f33 — fa3 + fo2)

Fo3 = F33 = 4l82l§e (f31 = f33 = 2fo1 + fo3)

(

fir — fis + fa3)

=
\_/

F33 - 24Ae

where f;; = b5b$ + cic§, the value of A (i, j) is

[ele
A (7. 47) = vty ]{32 EE
i(2, ) LA 0ErLlij-

r

Also, B§ (i, j) is calculated using the

el 1
B(i,j) = N_iFU
Using the identity [[,. N;dQ = A¢/3, the element matrix component By, (¢, j) is calculated

using the following equations:

B (1,1) = ﬁll [for — fu1]
Btez(la 2) = ﬁll [f22 - f12]
sz(la 3) - ﬁh [f23 - f13]

B, (2,1) = meacle [fs1 = fa]
Btez(27 2) = ﬁb [f32 - fzz]
Btez(za 3) = ﬁb [f33 - f23]

Btez<3a 1) = ﬁl?, [fn - f31]
sz(3a 2) = ﬁk’) [f12 - f32]
Bi.(3,3) = ﬁlzﬁ [fi3 — f33]-
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The value of B¢, (i, ) is algebraically calculated using the following equations:

B;t(la 1) = mﬁﬁ [f12 - f11]
th(la 2) = mﬁﬁ [f13 - f12]
B5(1,3) = 12;% [fi1 = fis]

Bgt(27 1) = mﬁﬁ [f22 - f21]
B;t(za 2) = mﬁﬁ [f23 - f22]
B§t<273) = 12;@ [f21 - f23]

B;t(gu 1) = 12&% [f32 - f31]
Bgt(& 2) = #;Ae [f33 - f32]
B§t<373) = mﬁﬁ [f31 - f33]

Finally, using equation [[,. NYN5dQ = (A°/12) (1 + &;;) where

5o 1 when 7 =7
Y0 0 when i # j

and using (V,Nf) - (V,Nf) = (24°) 7% f;; leads to

e (: 1 eAe
Bzz(%]) = [Mfij - k(2)€7"E<1 +§1J) :

The element matrices [A%], [Bg], [Bf], [BS), and [BS,] are algebraically calculated and
used to construct the global matrices [Ay|, [Bil, [Btz], [B:t), and [B.,]. The global matrices
are used to solve the eigenvalue equation to obtain the propagation constant k, and the
unknowns e and e¢ for every mode sustained in the fiber. The field distribution £, and

E, are calculated from the unknowns ef and e using
~ I N
Et:k_zt:k;_z et} {N},

E. = je. = {2} {N°}.

The finite-element method is used to analyze an infinite cladding hybrid microwire with

an As,Sesz core refractive index of n; = 2.83, a PMMA cladding refractive index of n, =
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1.463, and a core diameter of 0.45 nm at A = 1550 nm. The calculated effective refractive
index of the fundamental mode of the microwire is n/* = 1.961529 is in close agreement
with the exact value of nff“}‘wt = 1.964285 obtained using the step-index fiber waveguide
analysis presented in Section 2.1. Figure 2.5 presents the E, distribution calculated using

both the tangential vector finite-element method and the analysis in Section 2.1.

0.5
(a)
A
= 0
~
\
035 o os %8s o0 05

Fig. 2.5 Calculated E, distribution for the mode HEq; in a microwire with
ny = 2.83, ng = 1.463, and a = 0.225 pm at A = 1550 nm using a) the
tangential vector finite-element method and b) the exact analytical solution
presented in Section 2.1.

2.4 Pulse Propagation Equation

This section presents the derivation of the nonlinear Schrodinger equation that is used to
describe pulse propagation in nonlinear fiber structures. The Maxwell equations in the
frequency domain are obtained by taking the Fourier transform of Eq. 2.1 and Eq. 2.2 to

obtain
V x E = —juowH (7,w) (2.36)

V x H = jeqwkE (F,w) + jwP (7,w) (2.37)

where the Fourier transform is defined as

f (Fw) = / £ (7, 1) e,
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f(rt) = %/f (7, w) e duw.

Using the polarization expansion
P (7,w) = Py, (7,w) + Pyy, (F,w)
where

—

and Py is a nonlinear polarization perturbation satisfying ‘ﬁNL (7, w)’ < | P (7F,w)|,
Eq. 2.36 and Eq. 2.37 become

V x E = —juowH (F,w) (2.38)

V x H = jegn® (F,w) wE (F,w) + jwPyy, (7w) (2.39)

where n? (7,w) = 1+ xW,

Perturbation Analysis

The perturbed and unperturbed fields are related using the reciprocal theorem [73, 75|

aﬁ / Fr2dA = / V- FodA (2.40)
z
where

Fr = Ey x H* + E* x H,. (2.41)

where E , H represent the perturbed field, and Eo, H, represent the unperturbed field. The

perturbed and unperturbed fields are expressed as

—

E(Ffw)=a(z,w)é(x,y,w) (2.42)
H (Fw) =a(z,w)h(z,y,w) (2.43)
Ey (7, wo) = é (x, y, wp) (2.44)

HO (FJ WO) = ]Al(xvyJWO) (245)
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where a (z,w) is the field envelope,

e(z,y,w) s,
9) 2.46
vVIN ( )

>
Il

- h(zyw)
h =2 iz 2.47
VN (247)

with

‘ / (2, y,w) X h* (z,y,w )} -édA‘, (2.48)

& and I are the electric and magnetic vector field distributions of the fundamental mode,
and 3 is the propagation constant of the fundamental mode.

Using Eq. 2.42, Eq. 2.43, Eq. 2.44, and Eq. 2.45 with the approximations é (z,y,w) =
é(x,y,wp) and h (x,y,w) = h (x,y,wp), the product F - 2 becomes

Fri=a" (zw) [(e x ﬁ*) iy <é* x ﬁ) z]
which leads to

0 da* (z,w)

s Fo2dA=4 5 (2.49)

Using the product rule V- (@ x ©) = 7+ (V x @) — @ - (V x @), the term V - Fi- is expressed

as
VeFo=H - (Vx By) =By (Vx )"+ Hy- (Vx B)* = B (v x fy).
and with the application of Eq. 2.38 and Eq. 2.39, the term V - ﬁc becomes
V- Fo= Jhto (W — wp) H* - H, + jeo [nQ (7, w) w — n? (7, wo) wo} E* - E, +wao Pyt (7 w) .

The use of Eq. 2.42, Eq. 2.43, Eq. 2.44, and Eq. 2.45 with the approximations é (z,y,w) =
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¢ (z,y,wo) and h (z,y,w) = h(z,y,wy) leads to
V- Fo = jpo (W —wo) a* (z,w) h* - h
+jeo [n? (F,w) w — n? (7, wo) wo) a* (z,w) €* - é
+jwé - Pyp* (Fw) .
and the integral [V - FdA becomes
[V FrdA = jug (w —wp) a* (z,w) fiz* - hdA
+jeoa” (z,w) [ [n? (F,w) w — n? (F,wo) wo] € - édA (2.50)
+jwfé . ﬁNL* (F,w)dA
Replacing Eq. 2.49 and Eq. 2.50 in Eq. 2.40 leads to
0 1 ~
% = —j7[C+Da(zw) —j%/é* - Py (7,w) dA (2.51)
where
C':,uo(w—wo)/iz~fz*dA,
D = 50/ [n? (2, y,w)w — n® (z,y,wo) wo & - €*dA.
The dispersion terms in Eq. 2.51 is expressed as
6@ (z,w) W — w w .. = .
— Y =—j Z { 0) (”)} a(z,w) —]Z/e - Py, (Tyw) dA, (2.52)
where
5(1):1/ ,uﬁ-ﬁ*—i—s 3(amQ) é-e"| dA
4 0 0 aw — Y
an
(n) _ M
s 2
Taking the inverse Fourier transform of Eq. 2.52 leads to
8 J5 " 0 w R o
_j Z [ 5t) ﬁ( ] (2,t) — ]Z (1 + TShOCkat) /e - Pyp (7,t)dA, (2.53)
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where Tgpoer = J/Wo-

Nonlinear Perturbation

When the Kerr nonlinearity is dominant, the nonlinear polarization is Pyy (7 t) ~ P® (7, 1)
with

—

— 3 — —
PO (7 t) = Zgox(?’) E(7,t) E (7, t) E* (7,1)]

where x® is a tensor of the fourth rank and | represents tensor multiplication. For isotropic

material y®has 81 elements XZ(.?,)cl, where i, j, k,l = {x,y, 2z}, of which 60 elements are zero

and the remaining 21 elements depend on three independent quantities ng,;)yy , X%)my , and
9, such that 9]

ngzlz = Xgi)yyéijékl + Xg(c?xyfsikfsjl + Xg;?;)yxéil5jka

which satisfies the rotation symmetry leading to

B 68 68 06 ®3) 3)
ermz - nyyy - Xzzzz - Xmmyy + Xrywy + Xxyym‘

Hence, the vector components of P® (7, t) become

PZ.(?’) (rt) = 180 [Z ngz)nyjEj E; + Z Xa(c?z)l)wajEj Ei + Z X%)WEjEjEi
j ' '

J J

which can be simplified to [9,75]

. 1 N RN

Using Py (7,t) &~ P®) (7, 1), the integration term é* - Py, (7, ¢) becomes

O . 3 al’a
e - PNL (Tat) = ZEOX;?;)M X (%) |:2 |6_14+ ‘éQ‘Z:| :
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Using the relation (3/4) Re {X@m} = gocn’ng, Eq. 2.53 becomes

0z n!

00 9\
—aa (Z7t) = —] Z [(j 8t> B(n)] a (Zyt) _j <]- + Tshock%) Y |a’|2 a, (254)

n=1
where 7 is the waveguide nonlinearity

Na
Acpy’

v = ko

N9 is the effective material nonlinearity given by

e I (208 1) aa

o 3 |(7x B) -2‘2dA

Y

and Ay is the effective area of the fundamental mode given by

2

‘f (#x A" - 2aa

e f‘(@x E*) 2 aa

Q>

2.5 Split-Step Fourier Method

In this section, the split-step Fourier method is presented to numerically solve the nonlinear
Schrodinger equation [9,84,85]. This method is relatively fast and accurate, and it includes

the effects of chromatic dispersion and waveguide nonlinearity.

Frequency Domain Small Step Equation

The field envelope propagation equation in the frequency domain is given by

%A (z,w) = [f?w + Nw] A(z,w), (2.55)

which is solved as
A(z,w) =A(0,w) elDart o]z
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where the operators N, and D, are given by

Dy, =—jiB(w—wp)’ - &,
N, = —jv|4]>.

Increasing 2z by a step h to z + h leads to
A(z+ h,w)=A(0,w) el Dot o] (zth)
which is expressed in terms of A (z,w) as
Az + hw) = A(z,w) elPerNe]t), (2.56)

Time Domain Small Step Equation

The time domain equation of field envelope propagation is given by

0A (z,1)

o~ [ﬁt+Nt] Alz1), (2.57)

which is solved to obtain
A(z,t) = A(0,t)e*PrtNe)

where ]\7t and ﬁt
D, = _iB 0 _ «a

it 2 012~ 2
Ny = —j7|A|2-

Increasing z by a step h to z + h leads to
A(z+h,t)=A(0,1) o[ DN (+h)
which is expressed in terms of A (z,t) as

A(z+h,t)=A(z,1) el et ](h), (2.58)
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The Split-Step Fourier Method

Eq. 2.58 is rearranged to obtain
A(z+ h,t) = e [eh’th (z,t)} ,

in which
e"PrA (2,1)

is easily calculated in the frequency domain using
ehle A (2,t)=F! [ehD“A (z,w)} :
where F~1 is the inverse Fourier transform operator, leading to
A(z+ h,t) = N [ehf)“A (z,w)] : (2.59)

To obtain an equation in terms of the time domain field amplitude A (z,t), Eq. 2.59 is
expressed as
Az + ht) = NP [ethF Az, t)]] , (2.60)

where F' is the Fourier transform operator.

Pulse propagation through a nonlinear microwire is simulated by dividing the propaga-
tion length into steps with a length A and iteratively using Eq. 2.60 to compute the pulse
shape after each step. Using this method, the temporal shape and the spectrum of a pulse
after propagation through a microwire are computed from the temporal shape and the spec-
trum of an input pulse. Figure 2.6 presents an example of propagating a transform limited
Gaussian pulse with a full width at half maximum width 75 = 8 ps and a peak power of
300 mW in a 10 cm long microwire with v = 255 W—'m~! and D, = 264 ps/(nm.km).
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Fig. 2.6 Gaussian pulse propagation in an AsySes microtaper using the split-
step Fourier method showing (a) the temporal and (b) the spectral shape of
the pulse.

2.6 Conclusion

Two different methods for the analysis of microwires are presented. The first method is
based on modeling the microwire as a step-index fiber waveguide with an infinite cladding
and finding an analytical solution for the modes’ propagation constants and vector field
distributions. The analytical solution of the step-index fiber waveguide shows that any
analysis based on the weak guiding approximation is not accurate due to the large refractive
index between the core and the cladding. Moreover, the scalar field approximation is not
valid in microwires and the vector field distribution must be calculated. The second method
is based on the tangential vector finite-element method that is used for analyzing complex
microwire structures including microwire structures with a finite cladding diameter, an
eccentric core, or multiple cores. The nonlinear Schrodinger equation for simulating pulse
propagation in microwires is then derived and numerically solved using the split-step Fourier
method.
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Chapter 3
Taper Fabrication

Microwires are formed in the waist of tapered optical fibers, illustrated in Fig. 3.1, which
are made by a heat-and-draw approach. In general, tapered optical fibers have been
used for enhancing nonlinear effects [15, 19], coaxial mode coupling [57], power split-
ting/combining [61], filtering optical spectra [59], and switching [62|. In all cases, a fine
control of the taper shape is required to ensure an adiabatic transformation of the propa-

gating mode [31,32].

Left Right
transition ) transition
. Waist )
region , Tegion

O S

Fig. 3.1 Schematic of a fiber taper with a uniform waist and similar transition
regions.

In this chapter, we develop and demonstrate both by simulation and experiment a
generalized heat-brush tapering method, and use it for the fabrication of tapers with a
nonuniform waist profile and dissimilar transition regions. First, single-sweep tapering,
the main constituent of the generalized heat-brush approach, is presented and simulated
using a viscous fluid flow model to quantify the mismatch error between the targeted and
the resulting taper profiles. Then, the generalized heat-brush approach is implemented

by tapering a fiber over multiple sweeps, and the simulation results from the single-sweep
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tapering analysis are used to quantify the accumulated mismatch error after each tapering
sweep. Finally, we use of the generalized heat-brush approach to fabricate an AssSes

chalcogenide taper with a linearly decreasing waist profile and dissimilar transition regions.

3.1 Single-Sweep Tapering

In this section, we present the single-sweep tapering method, an instance of the well-known
fiber-drawing approach [86-88|. In the process of fiber drawing, mass conservation leads
to ¢ (t) = po\/s (t) where ¢ (t) is the taper diameter, ¢ is the initial fiber diameter, and
s(t) = vy (t) /va(t) is the tapering function. To draw a taper with a predefined profile
¢ (2), the tapering function s (¢) must be determined accordingly. The replacement of the
time variable ¢ by the drawing length I, (t) = f(f vq (T) d7 simplifies the implementation of
the single-sweep tapering method because it can be readily used as a feedback parameter
to control the draw velocity vy (lq) = vy (lg) /s (lq). In this case, the tapering function s (l;)
is calculated from the taper profile ¢ (z) using
¢* (2)

L) =2V
S(d) ¢% z=lq

Figure 3.2 provides an arbitrary taper profile ¢ (z) and its corresponding tapering function

S (ld)

1
150
£ 100 =05
S 50 |
@ (b)
‘ ‘ Q ‘ ;
0, n 55 % 0 10 20 30

Z [mm] Id [mm]

Fig. 3.2 a) A taper profile and b) the resulting tapering function.
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Single-Sweep Tapering Simulations

A general model of the viscous flow in the heat-softened region, or hot-zone, due to unidi-
rectional stretching has been reported in [86]. A simplified model has been derived for the
case when the fiber diameter is much smaller than the hot-zone length (L) [87]. In this

model, the deformation of the hot-zone due to stretching is governed by

0 ou
oA 0
= T (wA) =0, (32)

where 1 (z,t) is the viscosity distribution, u (z,t) is the axial velocity distribution, and
A(z,t) is the cross-sectional area in the hot-zone [87]. For a Newtonian fluid, p is inde-

pendent of u, and hence, Eq (3.1) leads to

aaa_F Fa2a

0. a0

where @ = u /v, is the normalized axial velocity and F = pA. Using the centered differen-

tiation formulas [89]

OF _ (Fip1—Fi—1)
0z 2Az
9u _ (Tip1—Ui—1)
0z 2Az
?a _ (W1 —2U+0—1)
022 Az2?

leads to the finite difference form of Eq (3.1)
[F; —0.25 (Fiuq1 — Fiq)] w1 — 2Fu; + [F; + 0.25 (Fiyg — Fiq)] @41 =0 (3.3)

where F; = F (14, ), u; = u (lg, z;), and Az is the separation between any two consecutive

z;. Changing the variable ¢ to l; in Eq (3.2) leads to the equation

oA . 0 (uA)
‘o1, 0z

=0,

which is expanded and divided by vy to obtain

0A ou 0A
T A L gZE o,
0ly + 0z tu 0z 0
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Using the centered differentiation formulas

ou _ (Wiy1—Ti—1)

0z 2Az )
94 _ (Aip1—Ai1)
0z 2Az ’

and the forward differentiation formula [89]

% o [A;ww—Ai]

g — Alg ’
the finite difference form of Eq (3.2) corresponding to the extension of the fiber by a distance
Aly = 2Az is given by

AP = Ay = [Ay (U1 — Ui—1) + Uy (A — Aiy)] (3.4)

where A; = A (lg, z;), A = A(lg+ Alg, z;). It is clear from Eq (3.3) and Eq (3.4) that,
for a Newtonian fluid, the deformation of the hot-zone is independent of the actual drawing
velocity.

The flow-chart in Fig. 3.3 describes the program used to simulate the single-sweep
experimental setup presented in Section 3.1. In this program, the taper profile is represented
by an array of diameter values ¢ taken at points zp with any two consecutive points
separated by Az. The hot-zone is a subarray of the taper array and the starting point of
the hot-zone subarray can change to simulate a moving heater as illustrated in Fig. 3.4(a).
The cross-section area in the hot-zone is given by A; where i = 1,2,..., N and the cross-
section area of the extended hot-zone that results from drawing the hot-zone, as illustrated
in Fig. 3.4(b), is calculated as follows: first, Eq (3.3) is used with the boundary conditions
Uj—o = —1/2 and @;=n41 = 1/2 to calculate the normalized axial velocity distribution @; in
the hot-zone, and then, Eq (3.4) is used to calculate the extended hot-zone profile. In the

simulations that follow, the hot-zone is assumed to have a uniform viscosity distribution.
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XZO; y:()a ld = O: xprevious = 0, yprevious =0
5= (Az/10) / max(1/s+1)

x=x+0.50[1/s(ly)-1]
y=y+0.55 [1/s(ly)+1]
=1 +§/S(ld)

X xprevious = xprevious + Az

(V - yprevious) > Az True <
Shift the hot-zone by Az ]

yprevious = ‘previous + Az

(Extend the hot-zone by 2Az]

Fig. 3.3 Flow-chart of the simulation program for the single-sweep tapering
setup presented in Section 3.1. In this flow-chart, x is the displacement of
both translation stages extending the fiber, y is the displacement of the heater
translation stage, Zprevious aNd Yprevious are state variables, ¢ is a differential
feed step, s is the tapering function, /4 is the drawing length, and Az is the
longitudinal separation between any two consecutive diameter sampling points.

~0008eens0n0q -

: Hot-zone

a>:moooaooooﬁgggm:
: . Shifted Hot-zone ; ’
~000esssesoo0 -
: | Hot-zone 3’ i
b)

~D000eesseno0on0 -

Extended Hot-zone
Fig. 3.4 Single-sweep simulation schematics of a) shifting the hot-zone by Az,
and b) extension of the fiber by 2Az.

We simulate the fabrication of a step-taper where the diameter changes abruptly from

the initial to the final taper diameter. Typical simulation results of step-taper fabrication
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show a transient response in the resulting taper with an overshoot and oscillations in the
waist before the diameter settles to a final value, as shown in Fig. 3.5. The mismatch

between the resulting and the targeted taper profiles is quantified by the percent error

along the taper defined as

e(z) = o (2

where ¢, is the resulting taper diameter and ¢, is the targeted taper diameter. The transient

response is quantified by the percent overshoot

(¢ — dos) x 100%

€os =

o

where ¢, is the overshoot diameter, and by the settling distance z, defined as the distance

between the beginning of the waist and the point where the envelope of the absolute percent

error is less than ¢, = 2%.
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Fig. 3.5 Simulation of step-taper fabrication using the single-sweep tapering

method.
The transient response parameters ¢,; and z, represent the closeness of the of the

resulting taper shape to the taper design, and the overall mismatch is reduced by reducing
€05 and z,. Step-taper simulation results in Fig. 3.6 show ¢,5 and z, as a function of L,
and the inverse tapering ratio p = @pin/Po, where ¢, is the minimum taper diameter. As

expected, €,s and z, decrease with increasing p (< 1) and shortening L;,,. With respect to
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optical propagation in the taper, the overshoot in the waist diameter acts as a perturbation
that may lead to coupling between the fundamental mode and higher order modes, radiation
modes, or reflection modes [63]. The values of ¢,5 and zs also represents the strength and
the length of the perturbation region; therefore, a lower ¢,; and a shorter z; reduces the

perturbation impact.

Fig. 3.6 a) Percent overshoot, and b) settling distance dependence on the
inverse tapering ratio at different hot-zone lengths for the step-taper.

Single-Sweep Tapering Optimization

Simulation results in subsection 3.1 showed that e, and z, decrease when p — 1 and
Ly, — 0 mm. However, applications such as the enhancement of the waveguide nonlinearity
or the sensitivity require microtapers with a waist diameter on the order of 1 pm drawn
from fibers with a diameter on the order of 100 pm leading to p ~ 0.01. Also, Ly, is
on the order of 1 mm and is limited by the temperature distribution in the fiber and the
heater dimensions. Moreover, it turns out that ¢,, and z, decrease when the taper slope
decreases. As an example, Fig. 3.7 shows that as the slope decreases from 0.0105 to 0.0035,
£,s decreases from 8.8% to 3.8% and z, decreases from 13.5 mm to 11.65 mm. In most
cases, however, it is desirable to use the largest slope allowed by the adiabaticity criteria
because using a small taper slope to reduce ¢, and z4 leads to a long transition region and
consequently increases the sensitivity of the taper to environmental variations [24] as well
as increasing the device length. Section 3.2 shows that ¢,s and z; are reduced by tapering
a fiber over multiple sweeps leading to an implementation of the generalized heat-brush

approach.
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Fig. 3.7 Simulated fabrication results of taper profiles with linear transition
regions at different slopes using the single-sweep tapering method.

Experimental Setup

Figure 3.8 illustrates the experimental implementation of the single-sweep tapering method
where a translation stage moves the heater at a velocity v, and two other translation stages
pull the fiber from opposite directions at equal velocities v,, and v,. Using vg = vy + vy,
and vy = v, — v, = «a, where « is a constant, the velocities of the heater and the translation

stages pulling on the fiber at a drawing length l; = y + w are

Cvg(la) Fup(ly)  af 1
Uz (la) = vy (la) = talle) ;Uf e - % |:S (lld) a 1}'
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Fig. 3.8 Schematic of the experimental implementation of the single-sweep
tapering method.

Single-Sweep Tapering Experimental Results

Figure 3.9(a) shows the experimental results of a step-taper fabricated from an AssSes
fiber with an initial diameter of 170 pm using a 5 mm long resistive heater at 210° C
with v; = 0.72 mm/min and v]'* = max (vs/s) = 4.5 mm/min. The fabricated taper is
removed from the tapering setup and placed straight on a flat plate, and then, an imaging
system composed of a 20x lens and a CCD camera mounted on a motorized translation
stage is used to measure the taper profile with a measurement taken every 1.0 mm. The
measured step-taper profile clearly shows an overshoot in the fiber diameter arising from
the finite length of the hot-zone. An effective hot-zone length of 2.7 mm is retrieved by
simulating the step-taper fabrication and fitting the simulation results with the measured
profile. The measured effective length is used to simulate the fabrication of the taper in
Fig. 3.9(b) and the simulation results show good agreement with the experimental results

within the measurement error of 1 pm.
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Fig. 3.9 Experimentally measured profiles of a) a step taper, and b) an arbi-
trary taper fabricated using the single-sweep tapering method.

3.2 Multi-Sweep Tapering

Multi-sweep tapering performed by systematic repetition of the single-sweep method as
illustrated in Fig. 3.10 represents an implementation of the generalized heat-brush method.
To taper a fiber over n sweeps, the taper profile is divided into subsections as shown in

Fig. 3.11, where ¢,, is the minimum taper diameter, and ¢, to ¢,,_; are the waist diameters

1/n

for all intermediate tapering sweeps and are calculated using ¢; = r¢;_; with r = p*/™ and

p = ¢n/do. For every sweep j < n, the stage tapering function s0) (I,) is calculated from
the stage taper profile ¢U) (2) composed of a left transition region extracted from ¢ (z)

left
between 2%/

71 and z;ef ! a right transition region extracted from ¢ (z) between 279" and

J
ight . L
2", and a uniform waist with a length

right

[ ¢ (2)dz

L= ,
¢

where L; makes the mass volume of the waist at stage j equal to the mass volume required

: left ght
to draw the taper section between zjef and 2.

sweep ¢ (2) is extracted from ¢ (z) between ziff !

The stage taper profile of the final

right

w1, and is used to calculate the

and z
final stage tapering function s™ (I,). Finally, for each stage j, a single tapering sweep is
performed using the calculated stage tapering function and then the heater is moved back

: ight ight
a distance (zjr-zf’l -z ) + L;.
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Fig. 3.10 Schematic of taper profile evolution using the multi-sweep tapering
method.
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Fig. 3.11 Dividing the taper into sections for the determination of the taper-
ing function of each tapering stage.
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Quantitative Analysis of Multi-Sweep Tapering

Based on the divide-and-conquer paradigm [90], tapering a fiber over multiple sweeps re-
duces the percent overshoot. For a step-taper, the worst-case overshoot diameter at sweep

J is estimated using the recurrence relation

P = [1 — €0 (p;) /100%] X p; x ¢~
P = [1 — 45 (p1) /100%] X p1 X o,

where €, (p;) is provided in Fig. 3.6(a). By setting the inverse tapering ratio for all sweeps
to r, the worst-case overshoot diameter becomes

) = [1— €4 (1) /100%]j x 17 X ¢y,

os

and the maximum percent overshoot at the end of tapering is

) e = [L— (1 — 205 (1) /100%)"] x 100%, (3.5)

os,max

which is simplified t0 €5 mas A NEws (r) when e, (1) < 1%. It is clear from Fig. 3.6(a) that
5((32,)mm < €05 (p) and that 52@?,,1% decreases as n increases. For, example, the fabrication
of a step-taper with p = 0.5 over a single sweep using a 4 mm long hot-zone leads to
€os (0.5) = 17%. However, when tapering is performed over 6 sweeps with » = 0.89 and
€0s (0.89) = 0.5%, the maximum percent overshoot is £5shmaz = 3%.

The use of a large number of sweeps increases the tapering duration. For the case of a
step-taper, the minimum time duration for stage j is 7; = L;_/ v, where v is the

maximum practical feed velocity, and the total tapering duration after n sweeps is

Lo 1-— p_2

T= X ,
U}nax 1— p—2/n

which is reduced by increasing v§'** and reducing n. In general, to keep the tapering

duration at a minimum, n is selected to be the minimum number of sweeps required to

keep €,s bellow a certain prescribed value.
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Multi-Sweep Tapering Simulation

Multi-sweep tapering simulation is performed by repeated application of the single sweep
tapering program. Simulation results in Fig. 3.12 performed using L;, = 3 mm for a step-
taper with p = 0.4 show that the percent overshoot el decreases as n increases. Also
shown in Fig. 3.12 is the worst-case percent overshoot, 5((32,)mm, calculated using Eq (3.5).
It is observed that e does not exceed £\hmaz, which is expected as e5mae estimates the

upper limit of 5.

Fig. 3.12 Percent overshoot and maximum percent overshoot versus the num-
ber of tapering sweeps n for a step-taper with p = 0.4 using Lj, = 3 mm.

Although increasing n reduces &,s, L, must also be shortened to ensure that |e(2)]
is less than a prescribed value €4qr4e:. Shortening Ly, is critical when the taper profile
incorporates fine details such as a large d¢/0z, a large change in 0¢/0z, or a short waist.
For example, if the taper waist length is of the same order as Ly, then the details of the
waist can not be precisely shaped. The value of L;, that ensures |e (2)| < sarger fOr a given

taper profile can be determined through simulations.

Multi-Sweep Tapering Experimental Results

Figure 3.13 shows the experimental results for the fabrication of an As,Ses; taper with

an initial fiber diameter of 170 pm, dissimilar left and right transition regions, and a
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nonuniform waist with a diameter decreasing linearly from 15 pm to 10 pm over a waist

length of 2.0 cm. The taper is experimentally fabricated over 24 sweeps using the same

resistive heater in the single-sweep experiment in Subsection 3.1 at 210° C with vy =
max

3.56 mm/min and v"** = 4.50 mm/min. The measurement error is 1 pm and the resulting

taper matches the design within the measurement error.
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Fig. 3.13 Experimental results showing the profile of an AsySes taper fabri-
cated using the multi-sweep tapering method with n = 24.

3.3 Conclusion

The multi-sweep tapering method has been used to implement the generalized heat-brush
approach, which allows the ratio of the feed and draw velocities to change within each
tapering sweep. A quantitative analysis showed that the mismatch error decreases by
increasing the number of tapering sweeps and shortening the length of the hot-zone formed
by the heater. An AssSes chalcogenide taper with dissimilar transition regions and a
waist diameter decreasing linearly from 15 pm to 10 pm over 2.0 cm was fabricated using
the multi-sweep tapering method showing good agreement between the targeted and the

measured taper profiles.
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Chapter 4

Hybrid Microwires from Single-Mode
Hybrid Fibers

In this chapter, we present the fabrication and optical characterization of a hybrid chalcogenide-
polymer microwires composed of an AsySes core and a PMMA cladding. With this material
combination, the AsySes core induces a large Kerr effect whereas the PMMA cladding pro-
vides sufficient mechanical robustness and flexibility to the assembly for normal handling
as well as limiting the evanescent interaction with the surrounding environment. Self-phase

modulation and super-continuum generation are demonstrated in such microwires.

4.1 Single-Mode Hybrid Fibers Fabrication

Fabrication of a single-mode hybrid fiber involves the characterization of a multi-mode
step-index As,Ses fiber and pretapering it to obtain the single-mode AsySes fiber. The
single-mode AsySes fiber is then coated with a PMMA layer using a PMMA microtube
to obtain a single-mode hybrid fiber. The PMMA microtube is fabricated by drawing a
commercially available PMMA tube. Both ends of the hybrid fiber are polished and coupled
to SMF fibers using UV curing epoxy to obtain a hybrid fiber ready for tapering.

As;Se; Fiber Characterization

Figure 4.1 presents a schematic of the setup used for the characterization of the step-index

AssSes fiber provided by Coractive High-Tech. Amplified spontaneous-emission noise from
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an Erbium-Doped Fiber Amplifier with a peak power at A = 1530 nm and a Semiconductor
Optical Amplifier with a peak power at A = 1310 nm combined together using a 3 dB
coupler to form a broadband source in the wavelength range between 1150 nm and 1650 nm.
Using butt-coupling, the broadband light is launched from an SMF into the core of a 22.6 cm
long As,Ses fiber in such a way as to excite both of the LPy; and LP;; modes. Power is
coupled into the LPy; mode by transverse misalignment of the cores of the launching fiber
and the As,Ses fiber. The electric fields of the LPy; and LP;; modes interfere with each
other forming a unique spectral pattern at the output of the Asy,Ses fiber. To observe
this spectral pattern, the output end of the Asy;Ses fiber is butt-coupled to a receiving
SMF, which in turn is connected to an OSA. The core of the receiving fiber is transversely

misaligned with respect to the core of AsySes fiber to provide a clear interference pattern

at the OSA.

Broadband Optical
Source Spectrum
As,Se; Fiber Analyzer

Fig. 4.1 Schematic of the AsySes fiber characterization setup.

When both of the LPy; and LP;; modes are excited at the input of a fiber, the total
electric field at any point of the output of the fiber has the form

E = amej/?’mL + alleJﬂnL
and the intensity is given by
I= |6l01|2 + |Cl11|2 + 2 |ao1| |ay1| cos [ABL 4 o1 — 611]

where a,,; and [5,,; are the complex amplitude and the propagation constant of the LP,,;
mode with m being 0 or 1, 6,,; is the phase of a,,;, L is the length of the fiber, and
AB = Bor — P11. A spectral interference pattern with a modulation proportional to
cos [ABL + 0y, — 641] arises from the wavelength dependence of Af, which is completely
determined by D and N A.

Figure 4.2 shows the spectral interference pattern in the dual-mode wavelength range of
a 22.6 cm long AssSes fiber, measured using and OSA with a resolution-bandwidth (RBW)
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of 5 nm, a sensitivity (s) of —85 dBm, and a wavelength separation (AM) of 0.63 nm
between any two consecutive spectrum points. The spectral interference pattern exhibits
a relatively large number of oscillations per unit of spectral width at short wavelengths
because of a strong variation of A5 (\), expressed mathematically by |0AB/0A|. The
number of oscillations per unit of spectral width decreases to a minimum at a wavelength
in coincidence with the maximum of the Af ()\) function, and then increases at longer
wavelengths as [0A3/0\| increases again. Two wavelengths Ao and A are selected to
identify the wavelength region of slow oscillations, as highlighted in Fig. 4.2. Wavelength
values A; < Ajepr and \j > Aygp¢ corresponding to the minima of the measured interference
pattern are recorded. The phase difference A¢ (A\) = AB (A) L + 6p1 — 011 increases by 27
between \; and A4y for all \; < Ayt and decreases by 27 between A\; and Aj;; for all
Aj = Apight leading to

Aﬁi-{-l = Aﬁz + 27T/L = A@i:l + 27TZ/L,

ABji1 = AB; — 2w /L = ABj—y — 27j /L,

where AfB; = AB(N) and AB; = AB(N)). If ABi—y and ABj—; were known, a set of
values AfB,eqs (A) representing the measured propagation constant difference as a function

of wavelength is obtained.

20
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Fig. 4.2 The interference spectrum between the LPgy; and LP1; modes in a
20.7 cm long AssSes fiber.
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An iterative optimization process is used to determine the values of D and NA. In
each iteration, a theoretical curve ApSy, (A) is calculated first using a pair D and N A, and
the measured propagation constant difference Apcqs (A) is specified by setting AfS—; =
ABy (Niz1) and ABj—1 = APy, (A\j=1). The values of the core diameter and numerical
aperture of the FUT result in the minimum error € = > |ABeas (A) — ABy, (A)| where A
takes on all the values of A\; and A;. The fiber parameters obtained from the optimization
process are D = 6.88 pm and NA = 0.184 leading to the best fit between Af,eqs (A) and
Apy, (M) as shown in Fig. 4.3.

0.0134
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Fig. 4.3 Experimental and theoretical values of A3 () for the 20.7 cm long
AsoSes fiber using the optimal values of D = 6.88 pm and NA = 0.184.

As,;Se; Fiber Pretapering

Using the measured values of D = 6.88 nm and NA = 0.184, the normalized frequency
(V =3.2) > 2.4 and the fiber is multi-mode. The core diameter must be reduced such the
V' < 2.4 to obtain single-mode guidance in the core of the AssSes fiber. The single-sweep
tapering method is used to taper the Asy,Ses fiber and reduce its dimensions by a ratio of
0.8, as illustrated in Fig. 4.4. The waist of the resulting taper is cut to obtain an As,Ses
fiber with D = 5.5 pm, NA = 0.184, and V' = 2.1 which satisfies the single-mode fiber
condition V' < 2.4.
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Fig. 4.4 Schematic of pretapered AssSes fiber preparation showing a) the ini-
tial AsgoSes fiber, b) fiber diameter reduction by tapering, and c) the pretapered
single-mode AsySeg fiber.

Drawing PMMA Microtubes

Microtubes are fabricated by the process of drawing PMMA preforms obtained from com-
mercially available PMMA tubes. In this process, the preform is slowly inserted at a
constant velocity into a furnace that heats the preform to a softening point, and the micro-
tube is drawn at a higher velocity from the other side of the furnace. This causes the soft
part to elongate and a microtube with a scaled down cross-section pattern results from the

preform. The ratio of the microtube diameter and the initial tube diameter is given by

refrp = A/ Vf/ V4

where 7, is the preform radius, r; is the radius of the resulting microtube, vy is the preform

feed velocity, and vy is the tube drawing velocity. In general, the cross sectional pattern of
the preform is scaled down by a factor \/vy/v,.
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Fig. 4.5 Drawing setup.

PMMA microtubes fabricated using the drawing setup must be free of internal stresses.
A PMMA preform becomes soft and malleable when it enters the furnace in the drawing
setup. As microtubes are drawn from the PMMA preform, elastic forces forming in PMMA
work to restore it back to the preform shape. Before elastic forces are completely relaxed,
the drawn PMMA microtube leaves the furnace, cools down, and solidifies. The elastic
forces become frozen in the solid PMMA microtube as internal stresses, which remain as
dormant forces. The effect of internal stresses is observed when the PMMA microtube is
heated to the softening point where internal stresses deform its shape. PMMA microtubes
with no internal stresses are fabricated by increasing the furnace temperature and decreas-
ing the drawing velocity. Another approach that can be used for removing internal stresses

is annealing.

Coating As;Se; Fibers with a PMMA Layer

Figure 4.6 illustrates the process of coating the pretapered AssSes fiber with a PMMA

layer. This polymer is used because its softening temperature is compatible with that of



4 Hybrid Microwires from Single-Mode Hybrid Fibers 62

AssSes which is T' = 190° C. The AsySes fiber is placed in the PMMA microtube and the
assembly is inserted at a feed velocity vy into an cylindrical oven heated using a resistive
heater to 175° — 185 C. The PMMA microtube with a down-scaled cross-section exits from

the other side of the oven at a drawing velocity vy > v, and the inner diameter of the
PMMA tube is reduced to coat the As,Ses fiber.

Vr
. @
&— <_PMMA
microtube
Hybrid

fiber \
— AS2S€3
fiber
o — [

Fig. 4.6 Schematic illustration of As,Ses fiber coating with a PMMA layer.

Polishing Hybrid Fibers

Figure 4.7 shows the setup used to polish the end facets of hybrid fibers. The polishing
setup consists of a rotating polishing disc on which polishing paper is placed, a fiber holder
to hold the fiber perpendicular to the polishing disc surface, and a camera to monitor the
fiber tip as it is being polished. A translation stage is used to approach the fiber tip to the
rotating polishing disc. The polishing is preformed is five stages in which polishing paper
with particles sizes of 20 pm, 3.0 pm, 1.0 pm, 0.5 pm, and 0.3 pm are used.
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Fig. 4.7 Fiber polishing setup.

The Coupling Setup

The coupling setup consists mainly of two alignment stages, an IR camera connected to
a screen, a microscope, and a UV lamp, as shown in Fig. 4.8. The first alignment stage
is used to launch light at A = 1550 nm from an SMF into the core of the hybrid fiber.
The output end of the fiber is observed using an infrared camera connected to a screen to
monitor the alignment process and ensure that light is coupled into the core. The output
end of the hybrid fiber is then transferred to a second alignment stage to be coupled to
a receiving SMF, which in turn is connected to a power-meter. The core of the receiving
fiber is aligned to maximize the power measured at the power-meter. Further fine-tuning of
alignment stages is performed to maximize the power measured at the power-meter, which
indicates optimal coupling into and out of the hybrid fiber. UV cured epoxy is then used to
permanently fix the input and output end of the hybrid fiber to the launching and receiving
SMFs.
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Fig. 4.8 Coupling Setup.

Material Processing Considerations

PMMA has a tendency to absorb water from the surrounding environment because it
is porous and water molecules can diffuse in. PMMA foams if it is heat-softened without
having been dried due to the formation bubbles that arise from the evaporation of the water
absorbed in the PMMA structure, as illustrated in Fig. 4.9. The density of the bubbles
decreases as PMMA is partially dried, and no bubbles appear when it is completely dried.
PMMA is dried by keeping it for several hours in an oven at a temperature of 80° C as

shown in Fig. 4.10 before being heat-softened.
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Fig. 4.9 Foaming of PMMA showing a) a PMMA rod before heating, and b)
the formation of bubbles in the PMMA rod after heating to 180° C.
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W Controller
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Fig. 4.10 Oven with temperature controller.

In the process of preparing hybrid fibers for tapering, ultraviolet (UV) light cured epoxy
is used for permanently fixing the coupling interfaces between PMMA coated As,;Ses fiber
and SMFs. During this process, the hybrid fiber must be covered to avoid UV exposure
because UV light destroys the PMMA polymeric structure. Otherwise, the heat softened
PMMA does not flow properly when being tapered and it can not be tapered to small
diameters.

As,Ses also has a tendency to absorb water from the surrounding environment due to
its porous structure that allows water molecules to diffuse in. A fiber made of As,Ses is

dried by placing it in an oven for a duration of 1 hour at a temperature of 140° C. A dried



4 Hybrid Microwires from Single-Mode Hybrid Fibers 66

AsySes fiber can be tapered to diameter smaller than 0.5 pm; however, if the fiber is not

dried before tapering, the taper breaks before reaching a diameter 0.7 pm.

4.2 Microtaper Design

Figure 4.11 presents a schematic of a hybrid microtaper. It comprises a microwire section
where most of the nonlinear effects occur and a transition region between the single-mode
fiber and the microwire section. The microtaper is made of a single-mode step-index As,;Ses
fiber surrounded by a polymer coating made of PMMA. The optimal microtaper parameters

are obtained by analyzing the fundamental mode in the microwire section of the microtaper.

Microtaper
Transition Microwire Transition
region . section |  region

PMMA coating

As;Ses step-index fiber
Fig. 4.11 Schematic of the hybrid microtaper geometry.

Determination of the chromatic dispersion and the waveguide nonlinearity involves solv-
ing the characteristic equation of an infinite cladding cylindrical waveguide to obtain the
propagation constant 3, the electric field distribution ﬁ, and the magnetic field distribu-
tion H for the fundamental mode HE;; [70]. Solving the characteristic equation takes into
account the wavelength dependence of the refractive index of As,Se; obtained from the

Sellmier relation »
Nhese(N) = 14> ATN/ (X = \))
i=1

where A; = 2.234921, Ay = 0.347441, A3 = 1.308575, Ay = 0.24164 pm, Ay = 19 pm,
and A3 = 0.48328 pm [91], and the refractive index of PMMA obtained from the Cauchy
relation

by = Bi+ BoA? + BsA™2 + BN 4+ BsA 0 + BgA™®

where By = 2.399964, B, = —8.308636 x 1072, B3 = —1.919569 x 107!, B, = +8.720608 x
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1072, Bs = —1.666411x 1072, and Bs = +1.169519 x 1073 [92], with X being the wavelength

in pm. Figure 4.12 presents the chromatic dispersion (D.) as a function of ¢ 455, calculated

using [9] o
- Neff

D, =2
c dX\

C

where n.rr = B/ko with ko being the wavenumber.
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Fig. 4.12 Calculated waveguide nonlinearity parameter and chromatic disper-
sion of the hybrid microwire as a function of the AssSes core diameter at a

wavelength of 1550 nm.
Also presented in Fig. 4.12 is v as a function of ¢4s5. at A = 1550 nm calculated using

v = kong/Ac s with ny being the effective material nonlinearity given by [75,76]

14 512
@y ) (28] + |2 ) da
7_7'2:_0 . > ) )
Ho 3[[00‘[E><H*}-2 dA

and A.ss given by [75,76]
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where ng is the refractive index, my is the material nonlinearity with ng asse = 1.1 X
10717 m?*W™! and ngpyrara = —8 x 1071 m?*W=! [10, 93], o and o are the electric
permittivity and the magnetic permeability of free space, respectively, z is the direction
of propagation and A is the transverse surface area. Figure 4.12 shows that the optimal
As,Ses core diameter to achieve a maximum nonlinearity is ¢4s5. = 0.47 pm for which
v =187.1 W-lm=!

Linear losses in the hybrid microtaper arise from various origins: butt-coupling losses,
material absorption losses, and adiabaticity losses. Butt-coupling losses occur at the SMF-
AsySes fiber interfaces due to mode mismatch and Fresnel reflection (0.5 dB per interface).

Material losses in the hybrid microwire are calculated using

g = Dasse X o, + Tparnra X afina;

where I'; = P;/ P,y is the confinement factor with P; being the power fraction of the mode
in layer 7 and P, the total power of the mode. Figure 4.13 presents the value of aﬁfbmd as
a function of ¢ 4,5, calculated using the attenuation coefficients %25, = 0.0085 dB/cm [10]
and 45,1, = 0.5 dB/cm [94] at A = 1550 nm. At the diameter of maximum nonlinearity
D asse = 0.47 pm the calculated aﬁfbmd for the hybrid microwire is 0.069 dB/cm . Finally,
adiabaticity losses may occur in the transition regions where the mode from the single-mode
AssSes fiber is converted into a microwire mode, and back into a single-mode As,;Ses fiber
mode [31].
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Fig. 4.13 Calculated confinement factor and loss of the hybrid microtaper as
a function of the AsySes core diameter at a wavelength of 1550 nm.

4.3 Adiabaticity Criteria

The changing diameter along the microtaper transition region causes coupling between
the fundamental mode and higher order modes which include higher order guided modes
and radiation modes [32,63|. A microtaper is said to be adiabatic if power coupling to
higher order modes is negligible. Coupling power to higher order modes causes loss in the
power of the fundamental mode propagating in the microtaper [2,31,95-100]. Loss in the
power of the fundamental mode leads to reduced nonlinear effects, which is undesirable.
Moreover, when power is coupled to higher order modes, the waveguide nonlinearity cannot
be measured using available characterization techniques. Coupling power to higher order
modes can not be completely eliminated in step-index fiber microtapers [100]. However,

it has been minimized to negligible values by controlling the rate of change of core and

cladding diameters along the microtaper [95].

Loss Mechanisms
There are three main mechanisms that lead to loss in the power of the fundamental mode
in the transition region of a microtaper. The first mechanism is the breakdown of the total

internal reflection guiding condition 6; > 6., where 6; is the incidence angle of a ray at the
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core cladding interface and 6, = sin™! (nq44/Ncore) is the critical angle with ... and ngqeq
being the core and cladding refractive indices [98]. The second mechanism is the transfer of
power from the fundamental HE;; mode to higher order modes with the same symmetry,
mainly HE5 [32,63|. The third mechanism is the interference between the HE; and HE15
modes [2,95]. The severity of all three mechanisms depends on the rate of change of core
and cladding diameters along the microtaper axis [31,32,95|. In step-index fibers, if the
rate of change of the diameter is changed such that the third mechanism is eliminated, the

other two mechanisms are automatically eliminated [32].

Criteria for Adiabatic Microtapers

The interference between the HE;; and HE 5 modes is eliminated if the beat period z, is
much larger than a step Az along the microtaper axis at any point of the microtaper i.e.
Az < z,. The beat period z, illustrated in Fig. 4.14, is given by z, = 27/ (f11 — P12) with
11 and (1o being the propagation constants of the HE;; and HE;5 modes respectively.
The cladding diameter changes by A¢gqq over a step Az and the inequality Az/z, < 1
is expressed as Az/z, < A@eaa/deaa because in most practical tapers Adeaa/Pead <K 1.
Hence, at any point of the fiber microtaper the rate of change of cladding diameter must
satisfy [95]

chlad
2w

|dcraa/dz] < (Bi1 — Bra) - (4.1)
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Fig. 4.14 The differential step Az and the beat length 2, [2]. ©) [1987] OSA

The Delineation Line

The maximum allowed value of |d¢asse/dz| for hybrid microtapers is plotted as a function
of the cladding diameter to obtain a curve known as the delineation line, as presented
in Fig. 4.15. If the rate of change of the cladding diameter for a microtaper exceeds the
delineation line, then there will be loss in the power of the fundamental mode propagating
along the microtaper [31]. If the rate of change of the AsySes diameter for a microtaper
remains below the delineation line, then the loss in the power of the fundamental mode

propagating along the microtaper will be negligible [31].
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Fig. 4.15 The delineation line for hybrid microtapers.

4.4 Microwire Fabrication and Characterization

Figure 4.16 presents an image of the setup used for tapering hybrid fibers. The tapering
setup consists of three motorized translation stages and a resistive heater with a temper-
ature controller. The resistive heater with the temperature controller is used to heat the
hybrid fiber to the softening point, two of the motorized translation stages are used to
stretch the fiber, and the third one is used to sweep the heater along the fiber length.
This setup allows for precise control the microtaper profile including the transition regions
and the diameter of the microwire section by tapering the fiber over multiple sweeps as
described in Chapter 3. Given a specific microtaper profile, a Matlab program is used to
generate a set of files containing information describing each tapering sweep. Then, a Lab-
View program reads the files generated by the Matlab program and uses the information
stored in them to control the motorized translation stages and fabricate a microtaper with

the prescribed profile.
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Fig. 4.16 Fiber tapering setup.

The hybrid fiber is tapered adiabatically at a temperature of 190° C until the AssSes
core diameter in the microwire section of the hybrid microtaper reaches the target diameter.
A hybrid microtaper is fabricated with microwire section length of 7.0 cm, an AsySez core
diameter of 1.8 pm, and a PMMA cladding diameter of 5.4 pm. Figure 4.17 shows a
microscope picture of the hybrid microtaper. The PMMA cladding diameter is sufficiently
large to allow handling of the hybrid microtaper without damage.
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Fig. 4.17 Picture of the wire section of the hybrid microwire sample.

Figure 4.18 shows the setup used to characterize the linear and nonlinear properties
of the samples. A mode-locked laser sends pulses of 330 fs full-width at half-maximum at
a repetition rate of 20 MHz and at a central wavelength of A = 1552.4 nm. The power
from the pulses is then adjusted using a variable attenuator and an in-line power meter
before injection into the microtaper. The peak power reaching the microwire section of the
microtaper can be varied up to a maximum of 50 W. Light from the microtaper output is

monitored using an optical spectrum analyzer and a powermeter.

Mode : E As;Se;-PMMA Taper E -1 0sA
Variable N n

locked attenuator + PV [ — R

laser ¢L,=7cm> \

PM

Coupling Interfaces

Fig. 4.18 Characterization setup. PM: Power meter, OSA: Optical spectrum
analyzer, SMF: Single-mode fiber.

Figure 4.19 shows the optical spectrum of pulses at increasing peak power levels at
the output of the hybrid microtaper. To simulate pulse propagation in the microtaper,

a split-step Fourier method based on the generalized nonlinear Schrodinger equation is
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used [9]

k41

HED 1 (ot 22 AGETIP) AGT) = Doy L H 500
=1 (1+ £4) [AGT) L R@ - T) AT ).

where A (z,T) is the electric field envelope as a function of distance z along the fiber and
time T with respect to the moving frame of reference. The parameter wy is the angular
carrier frequency, /3, (wp) is the n!" propagation constant derivative at angular frequency wy.
Parameters o and «y are the linear and two-photon absorption coefficients. The nonlinear

response function
R(t)= (1= fr)d(t)+ frh (1)

includes both the instantaneous 0 (¢) Kerr contribution and the delayed Raman contribution

h(t) = [(712 —1—722) / (71722)} exp (—t/m2)sin (t/1)

where 71 = 23.3 fs, 5 = 230 fs, and fgr = 0.1 [9,10]. In the simulations, the pulse is
propagated in the SMF fiber as well as in the hybrid microtaper, transition region and
microwire section, each with appropriate values of v and D.. No higher order of g than
[3 is required to ensure a good agreement between experiment and theory. The split-
step Fourier method is used to fit the experimental data with a good agreement and lead
t0 Ywire = 22 Wim™, Ay = 1.4 pm?, D. = —950 ps/nm-km (f8; = 1210 ps?/km),
B3 = 2.2 ps® /km. In the wire section of this microtaper, 100% of the power is propagating
in the AsySes core and no significant fraction in the PMMA cladding, thus leading to a
linear attenuation coefficient of agfbrid = 0.0085 dB/cm. The value provided for e
represents the value in the microwire section of the microtaper, where 93% of the nonlinear
phase-shift accumulates. The 7% remaining is accumulated in the transition regions of the

microtaper near the wire section.
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Fig. 4.19 Output pulse spectra of the hybrid microtaper for increasing peak
power levels. Dashed line: experiment, solid line: simulation.

4.5 Super-Continuum Generation

A second hybrid microtaper is fabricated with microwire section length of 9.7 cm, an
AsySez core diameter of 0.8 nm, and a PMMA cladding diameter of 2.4 pm. The setup
in Fig. 4.18 is also used to sends pulses centered at A\ = 1552.4 nm with a full-width at
half-maximum of 330 fs at a repetition rate of 20 MHz into the second microwire and the
output is observed using an optical spectrum analyzer. Figure 4.20 presents the output
spectra of the second hybrid microtaper showing a supercontinuum with a 20 dB spectral
width greater than 400 nm. The split-step Fourier method with e = 133 W—lm™!,
D, = =160 ps/nm-km (85 = 205 ps®/km), B3 = 3.8 ps® /km, Ac;y = 0.34 pm?, and a loss
ozfllbeMd = 0.018 dB/cm are used to simulate pulse propagation in the second microtaper as

shown in Fig. 4.21.
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Fig. 4.20 Output pulse spectra of the hybrid microtaper #2 for increasing
peak power levels.
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Fig. 4.21 Experimental and simulation results of pulse spectra at the output
of the second hybrid microtaper. Dashed line: experiment, solid line: simula-
tion.
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4.6 Conclusion

We reported the first hybrid AssSes-PMMA micowires providing an ultrahigh waveguide
nonlinearity, sufficient mechanical robustness for normal handling, and reduced sensitivity
to the surrounding environment. The polymer coating made of PMMA has a softening tem-
perature compatible with As;Ses and enables stretching of both materials simultaneously.
Hybrid microwires having an As,Sez core diameters of 1.8 pm and 0.8 pm were fabricated
leading to waveguide nonlinearity parameters of v = 22 W=lm=! and v = 133 W !m™!
respectively. From theory, the maximum waveguide nonlinearity parameter could even be
increased up to Yuwire = 187 W m~!. Hybrid As,Ses-PMMA microwires of a few cm, with
their high waveguide nonlinearity parameter and group-velocity dispersion that is broadly
variable while keeping a large waveguide nonlinearity, are foreseen as a key element in any

Kerr-based nonlinear device.
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Chapter 5

Hybrid Microwires from Multi-Mode
Hybrid Fibers

In the previous chapter, we have reported the fabrication and optical characterization of
the first hybrid As;Ses-PMMA microtaper, prepared by tapering a single-mode step-index
As,Sey fiber that is coated with a PMMA layer [19]. Figure 5.1(a) presents a schematic
of the hybrid microtaper fabricated from a PMMA coated step-index As,;Ses fiber. In
the fabrication process of the hybrid microwire, a single-mode step-index AssSes fiber is
used to ensure single-mode propagation from the fiber input to the microwire and from
the microwire back to the fiber output, given that the taper transition region satisfies the
adiabaticity criteria [31,32]. In this case though, the transmission of the resulting hybrid

microwire depends upon the AssSes fiber quality and design.
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Fig. 5.1 Schematic of hybrid microtapers. In a), a hybrid microtaper with a
PMMA coated single-mode step-index AsgSes fiber. In b), a hybrid microtaper
with a PMMA coated bulk As;Ses cylinder.

Hybrid microtapers with single-mode transmission can also be fabricated from a multi-
mode AsySez-PMMA fiber composed of a bulk As,Ses cylinder that is coated with a PMMA
layer, as presented in Fig. 5.1(b). The multi-mode hybrid fiber must be tapered sufficiently
such that only the fundamental mode is preserved in the Asy;Ses core of the microwire.
Single-mode transmission in tapered multi-mode fiber structures was first observed and
studied in tapered fused couplers [22,34|. Later, different tapering schemes have been used
to filter out higher order modes in multi-mode fibers and achieve single-mode transmis-
sion [35-37].

In this chapter, we report single-mode transmission and high nonlinearity in tapered
multi-mode AsySes-PMMA fibers. We fabricate multi-mode and large refractive index
contrast hybrid fibers with an AssSes core and a PMMA cladding. The As,;Ses core diameter
is designed for optimal coupling between the fundamental mode of the hybrid fiber and the
fundamental mode of an SMF. A segment of this multi-mode fiber is then tapered down
into a wire until the As;Ses core sustains single-mode transmission. This microwire with
SMF-compatible pigtails is then characterized and used as the nonlinear element of a Kerr-

shutter to a achieve optical switching based on nonlinear polarization rotation [101].
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5.1 Multi-Mode AsSe-PMMA Fiber Design

A primary design criterion for the AssSes-PMMA multi-mode fiber is the maximization
of the coupling efficiency between the fundamental mode of an SMF and the fundamen-

tal mode of the hybrid fiber. The coupling efficiency and the reflectivity are calculated

using [102]
- 2
18,5, | BB dady]
(Bi + Br)° [ffﬁtﬁfdxdy] [ffﬁzﬁl*dxdy]
(BB
(Bi + )’

where [, E are the propagation constant and the electric field distribution of the fun-
damental mode, and the subscripts ¢ and t stand for the incident and transmitted light.
Fig. 5.2 shows the coupling efficiency and the reflectivity as a function of the AsySes core
diameter (¢ ass.). Optimal coupling is achieved when ¢ 455 = 15.5 pm with a coupling loss
of 0.66 dB per facet from which 0.46 dB is due to reflection and the remaining 0.2 dB is
due to mode mismatch. In practice, there are other sources of loss such as lateral misalign-
ment between the cores, a gap between the facets of the two fibers, angular misalignment
between the axes of the two fibers, a scratched fiber facet, a non planar fiber facet, or an

angled facet, which lead to extra loss at each coupling facet.
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Fig. 5.2 Calculated coupling efficiency and reflectivity as a function of the
AsySes core diameter.
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5.2 Microtaper Design

To achieve single-mode transmission in tapered multi-mode AssSes-PMMA fibers, the
wire section must exclusively confine the fundamental mode. Moreover, there must be
no power transfer between the fundamental mode and higher order modes in the transi-
tion region and multi-mode section of the taper. The wire section exclusively confine the
fundamental mode when ¢ 455, < 0.49 pm which corresponds to a normalized frequency
V = T asse (M350 — n2prapa) /A < 2.4 [70], where nasse and npyara are the refractive
indices of the As,Ses core and the PMMA cladding, respectively. Moreover, to avoid power
transfer between the fundamental mode and higher order modes there must be no sharp
bends in the multi-mode section of the taper, and the slope of the taper transition region

must satisfy the condition

d soe soe
¢;ZS < ¢;: (P11 — Pi2)

where 11 and (15 are the propagation constants of the modes HE;; and HE;5, respectively.

Figure 5.3 shows the maximum allowed taper slope for every value of the core diameter,
also known as the delineation line. If the taper slope is made equal to the delineation line,
the transition region over which ¢4ss. decreases from 15.5 pm to 0.49 pm can be made
shorter than 1.0 mm. For practical reasons and to guarantee an adiabatic propagation of
the fundamental mode in the transition region, the slope of the transition region from the
initial diameter to the final diameter in the fabricated tapers is always set to |ddasse/dz| =
Gasse/ Lo with Ly =1 cm.
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Fig. 5.3 Maximum allowed taper slope as a function of the AssSes core di-
ameter for adiabatic transformation of the fundamental mode in the taper
transition region.

Calculated value of chromatic dispersion, waveguide nonlinearity, and material losses in
hybrid microwires were presented in Section 4.2. Figure 5.4 presents a magnified version
of Fig. 4.12 to show D, and v the region of interest, ¢a55. < 0.5 pm, where the As,Ses
core confines exclusively the fundamental mode. The diameter ¢55. = 0.47 pm that
corresponds to the maximum achievable nonlinearity lies in the region where the microwire
is single-mode. The chromatic dispersion is normal in this region. Moreover, Fig. 5.5
presents a magnified version of Fig. 4.13 with emphasis on the value of ozz];brid in the region
of single-mode operation. Significant percentage of the mode power propagates in the
PMMA layer when ¢as5. < 0.5 um, potentially providing additional functionality in the
microwire by using doped PMMA.
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Fig. 5.4 Waveguide nonlinearity parameter and chromatic dispersion of the
hybrid microtaper as a function of the AsoSes core diameter at a wavelength

of 1550 nm.
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Fig. 5.5 Confinement factor and loss of the hybrid microtaper as a function
of the AsgSes core diameter at a wavelength of 1550 nm.
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5.3 Hybrid Fiber and Microtaper Fabrication

Figure 5.6 shows a schematic of the setup used for the fabrication of AssSes-PMMA fiber
preforms. A cylinder of bulk Asy;Ses with a diameter of 170 pm is inserted into a com-
mercially available PMMA tube with an inner diameter of 3.2 mm and an outer diameter
of 9.5 mm and the assembly is pushed into a funnel heated at 230° C at a constant feed
velocity of vy = 50 pm/s. The PMMA tube collapses on the AssSe; cylinder and the
composite flows out at the bottom of the funnel. The composite exiting from the bottom
of the funnel is captured and is drawn at a constant velocity of vy = 225 pm/s to obtain a

preform with a uniform diameter as shown in Fig. 5.7.
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-— .
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As,Se; Cylinder
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Funnel
at 230° C
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Fig. 5.6 A schematic of the AsySe3-PMMA fiber preform fabrication setup.
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Fig. 5.7 An image of the hybrid fiber preform.

The preform is then drawn at a temperature of 200° C to obtain a hybrid fiber with
Gasse = 15.5 pm and ¢ppypa = 472.8 pm. A 6 cm long sample of this hybrid fiber is
cut, and both ends are polished. Figure 5.8 presents an image of the polished facet of the
hybrid fiber showing the As;Ses core surrounded by the PMMA cladding. The hybrid fiber
sample is tapered using the heat-brush method [19, 23,24, 34| to obtain a microwire with
a Oasse = 0.45 pm, ¢pprara = 13.7 pm, and a length of L, = 10.0 cm. With a PMMA
layer sufficiently robust for manual handling, the microtaper is manually removed from the
tapering setup and transferred to a butt-coupling setup. The input and the output of the
microtaper are permanently butt-coupled to SMF-28 fibers using UV-cured epoxy. Finally,
the pigtailed microtaper is manually packaged in box to obtain a ready-for-use nonlinear

component.

PMMA Cladding As,Se; Core
Praanaa = 472.8 pm Basse = 15.5 pm

Fig. 5.8 An image of the hybrid fiber cross-section.
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5.4 Microtaper Characterization

Figure 5.9 presents the transmission spectrum of the hybrid microtaper between A =
1500 nm and A = 1600 nm measured using amplified spontaneous emission noise from
an Erbium-doped fiber amplifier and an optical spectrum analyzer with a resolution band-
width of 0.06 nm. The transmission is maximum at A = 1530 nm with a loss of 8.4 dB.
The transmission decreases at shorter wavelengths because PMMA has an absorption peak
at A = 1390 nm and at longer wavelengths due to a combination of the presence of a
PMMA absorption peak at A = 1620 nm and the decrease of the mode confinement. The
transmission spectrum of the microtaper has no interference features indicating single mode
transmission.

A loss coefficient of ~ 0.52 dB/cm at A = 1530 nm is experimentally estimated by the
comparison between the transmission losses of multiple hybrid microtapers with identical
transition regions and different wire section lengths. This measured loss is 6.3 times higher
than the theoretically estimated loss of 0.083 dB/cm from Fig. 5.5. We believe the loss
increase arises from imperfections in the fabrication process and the degradation of PMMA.
Using the experimentally estimated value of the loss coefficient, propagation in the 10 cm
long wire section of the microtaper amounts to 5.2 dB from the total 8.4 dB transmission
loss at A = 1530 nm in Fig. 5.9. The remaining 3.2 dB includes the losses from mode
mismatch and reflection at the coupling interfaces (1.3 dB from Fig. 5.2), imperfections
in the hybrid fiber facets, and propagation in the 3.5 c¢m long transition regions of the

microtaper.
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Fig. 5.9 Transmission spectrum of a hybrid microtaper with a wire length of
10 cm and a waist diameter of 0.45 pm.

Figure 5.10 presents a schematic of the setup used to measure v from the nonlinear
phase-shift ¢gpps accumulated from signal propagation in the microwire [103]. A sinusoidal
signal with a duration of 29 ps is formed by combining two continuous wave (CW) lasers
at wavelengths A\; = 1549.75 nm and Ay = 1550.03 nm using a 3 dB coupler and then
aligning their polarizations using two polarization controllers (PC), PC1 and PC2, and a
linear polarizer (LP). The sinusoidal signal is amplitude modulated using a Mach-Zehnder
modulator and a square pulse with a duration of 10 ns at a repetition rate of 1 MHz reducing
the average power of the signal by 20 dB. The modulated signal is then amplified using
an Erbium-doped fiber amplifier and passed to a variable attenuator (VA). The output of
the attenuator is launched in the hybrid microtaper and the output of the microtaper is

observed using an optical spectrum analyzer.
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Fig. 5.10 Schematic of the waveguide nonlinearity measurement setup. CW:
continuous wave laser, PC: polarization controller, LP: linear polarizer, CLK:
electrical clock, PPG: pulse pattern generator, MZ-Mod: Mach-Zehnder mod-
ulator, EDFA: Erbium-doped fiber amplifier, VA: variable attenuator, OSA:
Optical spectrum analyzer.

Figure 5.11(a) shows the spectral evolution of the sinusoidal signal at the output of
the hybrid microtaper at increasing peak power levels. Figure 5.11(b) presents the value of
ospur for each peak power level calculated from Iy and I, which are illustrated in Fig. 5.11,

using the equation [103]

Io _ J3(pspa/2) + TP (dpspa/2)
I Ji(pspm/2) + 3 (Pspa/2)

where Jy, J; and J, are the zero, first, and second order Bessel functions of the first kind.

(5.1)

Using the experimentally estimated loss of 5.2 dB over the wire section length of 10 cm,
the effective length is L.sy = 5.83 cm. The ratio of nonlinear phase-shift accumulating
in the wire section ¢¢p,; = vFoLess to the phase-shift in the entire microtaper ¢gspy =
[~ ()P (2)dzis p = ¢¥pp/dspm = 0.87. The product yL.ss/p = 11.8 W is the slope
of the linear fit connecting the experimentally measured values of ¢gpys in Fig. 5.11(b).
The waveguide nonlinearity in the wire section of the microtaper is v = 11.8 X p/L¢ss =

-1

176 W—'m™!, in close agreement with the theoretically calculated value of 185 W—im~! at

®asse = 0.45 pm in Fig. 5.4.
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Fig. 5.11 Sinusoidal-signal self-phase modulation measurements showing a)
the recorded output spectra of the hybrid microtaper for increasing power
levels, and b) the measured ¢gpys as a function of the peak power of the
sinusoidal-signal.

5.5 All-Optical Switching in a Kerr-Shutter

Figure 5.12 presents a schematic of the Kerr-shutter setup [101] used to demonstrate switch-
ing by induced polarization rotation in the hybrid microwire. Pump optical pulses with a
full-width at half maximum (FWHM) duration of Try g = 5.47 ns and a repetition rate
of f =33 kHz at A = 1535 nm from a Q-switched laser are combined with a CW laser
probe at A = 1575 nm using a 3 dB coupler and then launched into the microtaper. When
the pump is linearly polarized in the microtaper and the pump peak-power is increased
using the variable attenuator, birefringence is induced due to Kerr nonlinearity leading to
time dependent birefringence modulation; consequently, the copropagating probe experi-
ences polarization modulation. The polarization-modulated part of the probe is isolated
using a linear polarizer which blocks the non-modulated part of the probe leading to pulses
at the probe wavelength. A tunable filter is then used to block the pump laser pulses and
exclusively pass the probe pulses which are then detected using a photodiode and an oscil-
loscope. The polarization of the optical pulses from the Q-switched laser, the CW probe
laser, and the output of the microtaper are adjusted using PC1, PC2, and PC3 such that
the transmitted probe power is zero when the pump laser is OFF, and the peak of the

probe pulse is maximum when the pump laser is ON.
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Fig. 5.12 Schematic of the Kerr-shutter setup. CW: continuous wave laser,
PC: polarization controller, LP: linear polarizer, VA: variable attenuator, BPF:
band-pass filter, PD: photo-diode.

The equation describing the interaction between CW probe and the quasi-CW pump

lasers at wavelengths Ap,ope and A,y with field amplitudes A and AP*™P, respectively, is

0A, ,
S = = (Al + 21457 £ B LA 4 B|ALP) A, 52)
o Arump
2 = (AR 2 Al + B 4 BIAL) AT (5.9
z

where m and n represent two orthogonal polarization axis with m # n, and B = 1 for a
nonbirefringent fiber. Using a linearly polarized pump with AP*? > A and setting one of
the principal axis parallel to the pump polarization, Eq. 5.2 and Eq. 5.3 lead to

Apump
e
z
o= i (21AmTP) A
L =~y (jarmP) AL

which are solved as
APUTP (7)) = APUMP () e~ IP(2)z

AH (Z) = AH (O) 6_j27p(z)z
AL (2) = AL (0)e 7P

where P (2) = |A7" (2)|?, A () and A, (2) are the amplitudes of probe electric-field com-
ponents parallel and perpendicular to the pump, respectively. The accumulated nonlinear

phase-shift of the pump signal due to propagation in a microtaper is ¢spy = [ 7 (2) P (2) dz
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and the accumulated nonlinear phase-shifts for the parallel and the perpendicular compo-
nents of the probe signal are ¢ = 2¢5py and ¢ = dspur.

The birefringence induced by the linearly polarized pump in the microtaper leads to a
phase difference of A@pjrefringence = @spam between the parallel axis and the perpendicular
axis to the pump. At the output of the linear polarizer aligned at 45° from the linearly
polarized pump, the probe electric-field amplitude is given by

Ayt = /0'5A”6—.7‘2¢SP1W 4 /O‘5AL€_J.¢SP]M’

where Ay and A, are, respectively, the amplitudes of probe electric-field components paral-
lel and perpendicular to the pump when the pump power is zero. Using P = ‘A” ‘2 = 1Py
and P, = |AL]2 = (1 =) Py, where Py and P, are the powers of the probe components
parallel and perpendicular to the pump, respectively, r is the ratio of the parallel probe
component power to the total probe power, and P, = P + P, is total probe power, the

probe electric-field amplitude becomes

Agut = 1/ P;"t [\/Fe—jfﬁSPM/Q — /(1 - r,a)ej¢SPM/2i| 6_3j¢SPM/27

and the probe power at the output of the linear polarizer becomes

P, = % [1 — 2/ry/(1 = 1) cos (gbgpM)} .
For r = 0.5 and using ¢spy = ¢Spp/p = 7FoLess/p, the output probe power becomes
Pt = 0.5P, [1 — cos (vPoLesr/p))
and full power switching occurs when the pump peak power P, reaches a critical power
P.=7p/vLegy-

Figure 5.13(a) shows the probe pulse normalized to the total power of the probe P,
that is measured at PD1 by adjusting PC3 until full probe transmission through the linear
polarizer is achieved. Due to the quasi-CW nature of the long pump pulses, power at the

center of the probe pulse (P.,,) depends on the peak power Fy at the center of the pump
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pulse following the relation P,.,, = 0.5P,, [1 — cos (YFPoLess/p)]. When Fy reaches P., 100%
power transmission occurs at the center of the probe pulse and F,,, becomes equal to P;.
As Py exceeds P., power transmission at the center of the probe pulse decreases while full
power transmission occurs at the wings of the probe pulse. Consequently, a depression starts
to appears at the center of probe pulse as can be observed in Fig. 5.13(a). Figure 5.13(b)
presents the measured power at center of the probe pulses as a function of the peak of
the pump pulses. The power at the center of the probe pulse reaches maximum when the
pump peak power is Py = 266 mW leading to v = mp/PyLess = 176 W 'm™! in agreement
with the previous measurement. The estimated ratio P,/ Pt = 0.5[1 — cos (vFPoLesr/p)]

is also plotted in Fig. 5.13(b) showing close agreement with experimental results.
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Py =20.5dBm
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—P,=225dBm g + Experimental
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Fig. 5.13 Measured probe pulse at A = 1575 nm showing a) the probe pulse
shape at increasing pump peak power levels, and b) the power at the center of
the converted pulse versus the peak power of the pump pulse.

5.6 Conclusion

A multi-mode AsySe3-PMMA fiber has been tapered to achieve single-mode transmission

and an ultrahigh waveguide nonlinearity of v = 176 W 'm™!

. Fabrication of such hybrid
microwires from a multi-mode Asy;Ses-PMMA fiber is greatly simplified as it eliminates the
need for single-mode step-index Asy;Ses fibers. Proper design of the initial AsySes diame-
ter allowed for optimal power coupling into the microwire from an SMF. A Kerr-shutter
has been implemented using the fabricated hybrid microwire to demonstrate switching by

induced polarization rotation with a 100% switching power of 266 mW.
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Chapter 6

Birefringent Eccentric-Core Hybrid

Microwires

6.1 Introduction

Fiber structures have been engineered with induced birefringence and high nonlinearity
for applications including polarized supercontinuum generation [104,105|, all-optical self-
polarization switching with a reduced switching power [106,107|, and polarization-entangled
photon generation by four-wave mixing [47,48]. Birefringence in these fiber structures
is quantified by both the phase birefringence b = n, — n, and the group birefringence
by = ng — nf, where n; = f3;/ko and nf = (=\?/27) df;/d) are the effective and the group
refractive indices, respectively, §; is the propagation constant of the fundamental mode, the
subscript ¢ represents the principal polarization axes = and y, kg = 27/ is the wavenumber,
and A is the wavelength [108]. Nonlinearity is quantified using the waveguide nonlinearity
parameter v given by v = kona/A.rr, where A.sr is the modal effective area and ns is the
material nonlinearity [9].

Two main approaches have been proposed to induce birefringence in an optical waveg-
uide.The first approach is based on applying permanent mechanical stress on the core, as is
the case for panda fibers [109-112] and bow-tie fibers [110,113|. The second approach makes
use of geometrical asymmetry in the cross-sectional refractive-index distribution, as is the
case for elliptical microwires [114], eccentric-core fibers [44-46], side-tunnel fibers [115],

asymmetric photonic crystal fibers [116], and asymmetric photonic band-gap fibers [117].
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I was demonstrated

In the last chapter, a high waveguide nonlinearity of v = 176 W~ 1m~
in hybrid As;Ses-PMMA microwires composed of an AssSes core and a PMMA cladding [19,
33]. High birefringence can be achieved in such hybrid structures by placing the AssSes
core close to the airr-PMMA interface, and thus forming an eccentric-core hybrid microwire
(ECHM). Figure 6.1 presents a schematic of a hybrid microwire with a concentric core
[Fig. 6.1(a)] and an eccentric core [Fig. 6.1(b)]. In this chapter, we report the fabrication and
characterization of ECHMs with high birefringence and high nonlinearity, using the hybrid
AsySe3-PMMA technology platform. We report experimental results of group birefringence

up to b, = 0.018 and a waveguide nonlinearity of v = 180 W~ m™".

Microtaper

Transition Microwire Transition
region  section  region

PMMA coating

Concentric (a)

As,Se; cylinder

PMMA coating
S

(b)

Eccentric
As,Se; cylinder

Fig. 6.1 Schematic of hybrid microtapers with a) an concentric core and b)
an eccentric core.

6.2 Birefringence Design

Figure 6.2(a) presents a schematic of the cross-section of an eccentric-core AsySes-PMMA
microwire. The main geometrical parameters used in the design of an ECHM are the AssSes
core diameter (Passe), the PMMA cladding diameter (¢pprara), and the edge separation
(s) defined as the shortest distance between the core and cladding edges. The tangential
vector finite-element method [80, 81] is implemented and used for the calculation of the
effective and group refractive indices of the orthogonal modes and determine b and b, as
a function @asse, Oparara, S, and A. Figure 6.2(b) and Fig. 6.2(c) present sample meshes
used to analyze ECHMs. The mesh in Fig. 6.2(c) is used for the analysis of the ECHM

modes when ¢pyrara > 4.0 pm, allowing for precision and reasonable calculation time.
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Fig. 6.2 In a), a schematic of an ECHM. In b) and c), sample meshes used

in the finite-element analysis of ECHMs.

The tangential vector finite-element method is also used for the calculation of the vec-
torial field distribution of the modes sustained by the ECHM. The vectorial field distri-
bution is essential for the identification of the modes and their polarization orientation.
Figure 6.3(a) and Fig. 6.3(b) present the calculated electric field distribution for the a-

polarized and y-polarized fundamental modes of an ECHM. The z-component of the elec-

tric field (E,) is plotted as contours, and the transverse component of the electric field

(Et) that lies in the plane of the fiber cross-section is plotted as vectors. The distribution

symmetry of E, with respect to the z-axis is odd for the x-polarized mode and even for

the y-polarized mode; therefore, the two orthogonal modes are sometimes denoted as the

odd and even modes [45,118].
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Fig. 6.3 The electric field distribution for a) the z-polarized and b) the y-
polarized fundamental modes of an ECHM.

Birefringence engineering is advantageous for specific applications of nonlinear process-
ing in birefringent fiber structures. For example, engineering the values of both b and b,
enables the selection of the wavelength at which the phase matching condition for four-
wave mixing is satisfied [49,50]. Also, it is advantageous to maintain b, = 0 while b is large
for applications involving the propagation of pulses with a sub-picosecond duration [108].
Numerical calculations show that ECHMs provide high birefringence and great flexibility
in the design of b and b,.

Figure 6.4 presents both b and b, as a function of A in the wavelength range between
A = 1250 nm and A = 1600 nm for an ECHM with ¢ 445, = 0.30 pm, ¢pprara = 10.0 pm,
and s = 0.225 nm. The value of b varies with wavelength reaching a peak of b = 0.0226
at A = 1445 nm. The value of b, becomes zero at A = 1420 nm while still maintaining
the near maximum b = 0.0224. The sign of b, changes at A = 1420 nm indicating that
the slow axis becomes the fast axis and vice versa. The value of b, is related to b using
by = b — Adb/dX and, in eccentric core microwires, is mainly dependent on the dominant
term Adb/dA. The term Adb/d\, and consequently b,, becomes zero and changes sign when

b(A) is close to maximum.
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Fig. 6.4 Calculated b and by of an ECHM as a function of A for ¢4s5. =
0.30 pm, ¢prpramra = 10.0 pm, and s = 0.225 pm.

The AsySes core diameter ¢as5. and the edge separation s can be used to engineer
the birefringence. Figure 6.5 presents both b and b, as a function of ¢44s. for an ECHM
with ¢ueq = 10 nm and different s values at A = 1550 nm. The value of b is positive for
all values of ¢445. and s indicating that the z-polarized mode always has a lower phase
velocity. Unlike b, the value of b, can be negative, positive, or zero depending on the
values of @455 and s. For example, an ECHM with s = 0.05 pm has b, < 0 at large
®asse reaching a negative peak of by = —0.097 as ¢4sg. decrease to ¢passe = 0.42 pm. The
value of b, continues to vary as ¢asg. reduces below ¢a55c = 0.42 pm becoming zero at

®asse = 0.36 pm and reaching a positive peak of by = 0.255 at ¢ 55, = 0.30 pm.
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Fig. 6.5 Calculated a) b, and b) by of an ECHM as a function of ¢4sg. for
dclad = 10.0 nm and different values of s at A = 1550 nm.
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Figure 6.6 presents b and b, as a function of s for an ECHM with different ¢ 4,5, and
dpvma = 10.0 pm at A = 1550 nm. The value of b is positive for all s and is increased
by reducing s. A shorter s increases the percentage mode power that propagates in the
surrounding air making the ECHM sensitive to the surrounding environment. The cladding
diameter can also be used to engineer birefringence; however, ¢pprara > 10.0 pm is always
used to guarantee the ECHM is mechanically robust. Numerical calculations show that the
variation of ¢parara above ¢prrara = 4.0 pm has a negligible impact on b and b,; therefore,

dprma is not as critical as ¢ 455, and s for engineering birefringence.
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Fig. 6.6 Calculated a) b, and b) by of an ECHM as a function of s for different
dasse and dparara = 10.0 pm at A = 1550 nm.

6.3 Eccentric-Core Hybrid Fiber and Microwire Fabrication

Figure 6.7(a) presents a schematic of the setup used for the fabrication of eccentric-core
AsySes-PMMA fiber preforms [33]. A cylinder of bulk AsySe; with a diameter of 170 pm
is inserted into a PMMA tube with an inner diameter of 0.5 mm and an outer diameter
of 1.5 mm. Asymmetry is provided by thermally fusing this PMMA tube to a PMMA rod
with a diameter of 9.5 mm, as illustrated in Fig. 6.7(a). The assembly is vertically pushed
into a funnel heated at 230° C at a constant feed velocity of vy = 50 pm/s. The PMMA
tube collapses on the Asy;Ses cylinder and the composite flows out at the bottom of the
funnel. The composite exiting from the bottom of the funnel is captured and is drawn at
a constant velocity of vy = 225 pm/s to obtain a preform with a uniform cross-section.
The preform is then drawn at a temperature of 220° C to obtain an eccentric-core hybrid
fiber (ECHF) with ¢ 455 = 15.5 pm, ¢pprpra = 445.8 nm, and s = 10.7 pym. Figure 6.7(b)

presents an image of the cross-section of the ECHF showing the As;Ses core surrounded
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by the PMMA cladding. Figure 6.7(b) also presents a magnified image of the core showing

the separation between the edges of the core and the cladding.

As2833
Cylinder

PMMA Tube PMMA Cladding
PMMA Rod Ferva = 445.8 um

|

(a) (b)

. Funnel
at 230° C

<+—— Preform
As;Ses Core

Va l. Passe = 15.5 um

Fig. 6.7 a) A schematic of the preform fabrication setup for ECHFs. b) An
image of the ECHF cross-section with a magnified image of the AsySes core.

The core diameter of ¢ass. = 15.5 pm maximizes the coupling efficiency between the
fundamental mode of a standard single-mode silica fiber and the fundamental mode of an
ECHF [33]. For ¢asse = 15.5 um, the ECHF is multi-mode and is tapered such that the
AsySes core in the wire section exclusively confines the fundamental mode [33]. A 6 cm
long sample of the ECHF is cut, and both ends are polished. The input and the output
of the microtaper are permanently butt-coupled to standard single-mode silica fibers using
UV-cured epoxy. The ECHF sample is tapered using the heat-brush method [19,23,24, 34|
to obtain a microwire with ¢ 455 = 0.45 pm, dpprpra = 12.9 pm, s = 0.31 pm, and a
length of L,, = 10.0 cm. The slope of the transition region from the initial diameter to the
final diameter in the fabricated tapers is set to |dpasse/dz| = ¢ asse/Lo with Ly = 1 cm to
ensure adiabatic propagation of the fundamental mode [31-33]. At the end of the tapering
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process, the microtaper is packaged in a box to obtain a ready-to-use highly birefringent
and highly nonlinear component.

Figure 6.8 presents the transmission of an eccentric-core hybrid microtaper as a func-
tion of extension obtained by measuring the power of a laser at A = 1530 nm transmitted
through the hybrid fiber while tapering. An oscillatory transmission is observed due to
the interference between the modes propagating in the fiber. During the tapering process,
the accumulated phase-differences between the different modes change and the transmis-
sion reaches a maximum whenever the phase differences increase by an integer multiple
of 2. All modes except the fundamental mode are cut off when ¢445. < 0.5 pm in-
dicating single-mode operation. The transmitted power through the taper drops due to
spreading of the fundamental mode into the PMMA layer leading to a total transmission
loss of 8.0 dB. Similar to concentric-core microtapers, the loss coefficient in the microwire
section is ~ 0.52 dB/cm which is 6.3 times higher than the theoretically calculated value
of 0.083 dB/cm [33]. We believe the higher loss arises due to the partial crystallization
of the PMMA under quiescent conditions as it cools after being heat-softened and under
flow due to stretching during the tapering process [119]. Propagation in the 10 cm long
microwire section of the microtaper amounts to 5.2 dB from the total transmission loss,
and the remaining 2.8 dB includes the losses from mode mismatch and reflection at the
coupling interfaces (0.66 dB/facet), imperfections in the ECHF facets, and propagation in

the 3.5 cm long transition regions of the microtaper [33].
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Fig. 6.8 Measured microtaper transmission as a function of extension.
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6.4 Birefringence Characterization

The group birefringence is measured using the method of crossed-polarizers [120-122]. Fig-
ure 6.9 presents a schematic of the setup used to measure the group birefringence in tapered
ECHFs. Amplified spontaneous emission is passed through a linear polarizer and launched
into the microtaper at 45° from the principal axes so that half the signal power propagates
along the slow axis, and the other half propagates along the fast axis. The output of the
birefringent fiber is passed through another linear polarizer at 45° from the principal axes

of the microtaper.

EDFA -—&>—-———&>—-— OSA

LP1 PC1 Eccentric-Core PC2 LP2
Hybrid Microtaper

Fig. 6.9 Schematic of the crossed-polarizers setup for the measurement of
group birefringence. EDFA: Erbium-doped fiber amplifier, LP: linear polarizer,
PC: Polarization Controller, OSA: Optical spectrum analyzer.

After the second linear polarizer, the total electric field is given by

E — axej/gz()‘)[/w + aye]ﬂy()‘)Lw

and the intensity is given by
I = |a,|* + |ay|* + 2|a.| |ay| cos [ABL, + 6, — 6,]

where a,, and (,, are the complex amplitude and the propagation constant with m being x
or y, 0, is the phase of a,,, L,, is the length of the microwire, and Ag = 3, — 3,. A spectral
interference pattern with a modulation proportional to cos [ASL,, + 0, — 6,] arises from the
wavelength dependence of A [120]. By differentiating the phase-difference A¢ = ASL,
with respect to wavelength and using n, = (—A\?/27)dB3/d\, the group birefringence is
given by

by = An, = (—)\2/27r) dAB/dN = (—)\2/27TLw) dA¢/d\.

Between two consecutive minima of the interference pattern, at A\; and Xy, A¢ varies by
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21 and |dA¢/d)\| = 27 /AN where A\ = |A\; — \y|, leading to
[bg| = |Ang| = \?/ANL,

Figure 6.10 presents the measured transmission of the second linear polarizer at the end of
the tapering process. Using the measured spectral modulation period of AX = 0.8 nm at
A = 1550 nm, and L,, = 10 cm, the group birefringence of the ECHM is |b,| = 0.018.
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Fig. 6.10 Interference pattern obtained at the OSA in Fig 6.9.

The interference spectrum at the OSA was taken during the tapering process for the
determination of b, as a function of ¢ 45s. for the ECHF in Fig. 6.7(b). Figure 6.11 presents
the measured b, as a function of ¢s5. showing an increase in the birefringence as the
core diameter decreases. The tangential vector finite-element method [80, 81] is used to
numerically calculate b, as a function of ¢asse With s = poasse, where p = 0.69 is the
ratio of the edge separation to the AssSes core diameter for the ECHF in Fig. 6.7(b) and
is constant during the tapering process. The numerically calculated values of b, provided

in Fig. 6.11 show close agreement with experimental results.
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Fig. 6.11 Experimental value of b, as a function of core diameter measured
during the tapering process.

Wavelength values \; corresponding to the minima of the measured interference pattern
are recorded from Fig. 6.10. The phase difference A¢ () increases or decreases by 27

between \; and \;1; for all \; leading to
Apip1 = Ag; 21 = Agi—y £ 21,

where Ag; = A¢ ()\;). Setting A¢;—1 = 0, the values of Ag; and \; are fitted to a third
degree polynomial to obtain a function A¢ ()). Figure 6.12 presents the wavelength depen-
dence of the group birefringence calculated from A¢ (A\) using |b,| = (A\?/27L) |[dA¢/dA|.
The value of |b,| varies with wavelength at a rate of 7.8 x 107° nm™! at A = 1550 nm

indicting strong group birefringence dispersion.
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Fig. 6.12 Measured b, as a function of A using the interference pattern
in Fig. 6.10.

6.5 Nonlinearity Characterization

Figure 6.13 presents a schematic of the setup used to measure v [103]. Two continuous
wave (CW) lasers with equal powers at wavelengths \; = 1549.75 nm and Ay = 1550.03 nm
are combined using a 3 dB coupler to obtain a sinusoidal signal with a duration of 29 ps.
The polarization controllers PC1 and PC2 are used to align the polarization of the two CW
lasers with the transmission axis of a linear polarizer to guarantee full interference between
the lasers and form a sinusoidal signal. To avoid damaging the microwire by thermal heating
through material absorption, the average power is reduced by 20 dB through modulation of
the sinusoidal signal using a Mach-Zehnder modulator and a square pulse with a duration
of 10 ns at a repetition rate of 1 MHz. The polarization of the sinusoidal signal is aligned
with the principal axis of the Mach-Zehnder modulator using PC3 to achieve the maximum
modulation extinction ratio. The modulated signal is then passed through an Erbium-
doped fiber amplifier followed by a variable attenuator before being launched into the
microtaper. The polarization of the modulated sinusoidal signal is aligned with one of the
principal axes of microtaper using PC4. The output of the microtaper is observed using

an optical spectrum analyzer.
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Fig. 6.13 Schematic of the waveguide nonlinearity measurement setup. CW:
continuous wave laser, PC: polarization controller, LP: linear polarizer, CLK:
electrical clock, PPG: pulse pattern generator, MZ-Mod: Mach-Zehnder mod-
ulator, EDFA: Erbium-doped fiber amplifier, VA: variable attenuator, OSA:
Optical spectrum analyzer.

Figure 6.14(a) shows the spectral evolution of the sinusoidal signal at the output of the
microtaper at increasing peak power levels. Figure 6.14(b) presents the value of ¢gpys for
each peak power level calculated from Iy and I;, which are illustrated in Fig. 6.14(a), using

the equation [103]

Iy J3(¢pspam/2) + Ji(dspu/2)

L J3(dspm/2) + J3(dspu/2)

where Jy, J; and J, are the zero, first, and second order Bessel functions of the first kind.

Using the experimentally estimated loss of 5.2 dB over the wire section length of 10 cm,
the effective length is L.s = 5.83 cm. The ratio of nonlinear phase-shift accumulating
in the wire section ¢$p,; = YFyLers to the phase-shift in the entire microtaper ¢gpy =
[~ (z)P(2)dzis p= ¢¥%pp/bspm = 0.87. The product vLess/p = 12.04 W1 is the slope
of the linear fit connecting the experimentally measured values of ¢gpy in Fig. 6.14(b).
The waveguide nonlinearity in the wire section of the microtaper is v = 12.04 X p/L.ss =

180 W—tm™!, in close agreement with the value measured in concentric-core microwires [33].
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Fig. 6.14 Sinusoidal-signal self-phase modulation measurements showing a)
the recorded output spectra of the hybrid microtaper for increasing power
levels, and b) the measured ¢gpys as a function of the peak power of the

sinusoidal-signal.

6.6 Conclusion

An eccentric-core AsysSes-PMMA fiber has been tapered to achieve a high group birefrin-

gence of b, = 0.018 and a high waveguide nonlinearity of v = 180 W m™*. The tangential

vector finite-element method is used to numerically calculate the phase birefringence and

the group birefringence. Group birefringence characterization of eccentric-core hybrid mi-

crotapers shows close agreement between experimental results and numerical calculations.

Such eccentric-core hybrid microtapers with engineerable birefringence and high nonlinear-

ity can be used for a variety of applications involving an extensive use of polarization and

nonlinearity.
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Chapter 7
Conclusion

In this thesis, I have presented a study of hybrid microwires that are composed of an AsySes
core and a PMMA cladding. First, I have presented a theoretical and experimental study
of the generalized heat-brush approach for the fabrication of microtapers. This tapering
approach is used for the fabrication the microwires presented in this thesis. Second, I
have presented the results of the fabrication and characterization of hybrid microwires that
are fabricated by tapering a single-mode step-index AssSes fiber that is coated with a
PMMA layer. Supercontinuum generation has been demonstrated in one microwire with
v =133 W=tm~!. Third, I have presented the results of the fabrication and characterization
of hybrid microwires that are fabricated by tapering multimode hybrid fibers that are
composed of an AssSes and a PMMA cladding. The hybrid fiber has been tapered to

achieve single-mode transmission and a waveguide nonlinearity as high as v = 176 W 'm™!

close to the maximum theoretical value of v = 187 W—im™!.

Fabrication of such hybrid
microwires from a multi-mode AssSe3-PMMA fiber is greatly simplified as it eliminates the
need for single-mode step-index As,;Ses fibers. A Kerr-shutter has been implemented using
the fabricated hybrid microwire to demonstrate switching by induced polarization rotation
with a 100% switching power of 266 mW. Finally, I have presented a theoretical study of
and an experimental demonstration of eccentric-core hybrid microwire with a high group
birefringence of b, = 0.018 and a high waveguide nonlinearity of v = 180 W—'m™!. Such
eccentric-core hybrid microtapers with engineerable birefringence and high nonlinearity
can be used for a variety of applications involving an extensive use of polarization and

nonlinearity.
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There are several practical fundamental research problems open for further investiga-
tion in the future. First, in addition to concentric-core and eccentric core microwires,
the hybrid AssSes-PMMA technology platform can be used for the fabrication of advanced
cross-sectional geometries such as dual-core and photonics crystal fibers. Just as the AsySes
microwire is made into a hybrid microwire by replacing the air cladding with a polymer
cladding, air holes in AsySes photonic crystal and suspended core fibers can be filled with
PMMA to obtain advanced hybrid structures. Therefore, all advantages provided by sus-
pended core and photonic crystal fibers in terms of chromatic dispersion and birefringence
engineering can be achieved using the hybrid technology. Furthermore, the fabrication of
photonic-crystal fiber geometries where the air is replaced with a polymer is easier; espe-
cially in the case of photonic crystal fibers because filling the holes with PMMA eliminates
the problem of hole collapse.

Second, microwires with advanced longitudinal geometries can be fabricated for a variety
of advanced applications. Indeed, a project has been started with the objective of achieving
enhanced self-frequency shift in hybrid microwires that have nonuniform cross-section. The
theoretical study for this application has already been performed [38| and there are plans
to achieve experimental demonstration.

Third, highly birefringent eccentric-core microwires can be used for the variety of non-
linear applications such as polarization entangled photon generation [47,48]. They can also
be used for sensing applications when the As,Ses core is placed at the edge of the PMMA
cladding layer making the microwire sensitive to the surrounding environment. The sup-
porting polymer layer makes the overall structure robust enough for placement in a fluid
to measure refractive-index changes.

Forth, there must be further investigation to determine the origin of the increased loss
in microwires. For example, it should verified that the crystallization of PMMA is actually
the cause of the loss in the microwire. By placing the hybrid microwire in an organic
solvent, the PMMA layer will dissolve. Comparison between the transmission loss before
and after the PMMA layer is removed will show whether crystallization is the cause of
the loss. Another fundamental problem of interest is the investigation of methods for the
elimination of the crystallization in PMMA and other polymers. This can be investigated
in the context of mixing different polymers together, and by controlling the length of the
polymer chains.

Fifth, the polymer can be doped with a variety of materials for advanced application.
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For example, the polymer can be doped with carbon nanotubes allowing saturable ab-
sorption in hybrid microwires. The polymer can also be doped with rare-earth elements
such as Erbium for the amplification of optical signals in the telecommunication band. Fi-
nally, the polymer can be doped with polymer dyes for dispersion engineering and sensing

applications.
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