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Abstract

The spectral region of 2 um-12 pum in the mid-infrared accommodates plentiful capabilities
with commercial and research value. As development of fiber technologies, all-fiber systems
that operate in the mid-infrared spectral region have been subject to intensive interest due
to their intrinsic qualities including robustness, flexibility, and ease of integration. Thus,
basic building-block components such as filters, couplers, and light sources have become
indispensable for mid-infrared fiber applications.

In this thesis, I have investigated tunable bandpass filters made of chalcogenide fibers
which are notable as versatile platforms for mid-infrared applications. Theoretical analy-
sis, design instruction, and experimental verification are provided for filters and their laser
applications.

The first contribution of this thesis is the demonstration of a chalcogenide fiber Fabry-
Perot tunable filter. AsyS3 glass known for its transparency window up to 10 um is used as
fiber substrate. High reflective thin-film coatings composed of alternate layers of germanium
and calcium fluoride are deposited on fiber facets in an electron-beam evaporation chamber.
The filter shows an ultrabroad tunability >300 nm by controlling the gap distance between
two mirrors. Factors degrading the filter performance are analyzed such as surface roughness,
thin-film reflectivity, and Gaussian beam divergence. Furthermore, a thulium-doped fiber
laser presents a wavelength tunability from 1835 nm to 1920 nm operating in a continuous
wave regime, with the Fabry-Perot filter serving as a wavelength-selective component.

The second contribution of this thesis is the demonstration of a tunable bandpass fil-
ter based on multimode interference effect in a chalcogenide fiber. The filter consists of a
singlemode-multimode-singlemode fiber structure as an appealing solution with ease of fab-
rication, low cost, and stability. Renowned for its transparency window up to 17 um, AssSes
glass ensures the mid-infrared compatibility. In comparison with multimode interference fil-
ters in silica glass fibers, this work introduces core to core lateral offsets at input and output
interfaces between singlemode fiber and multimode fiber, leading to more design flexibility in
determining the peak wavelength, free spectral range, and extinction ratio. Broad and con-
tinuous wavelength tunability >54 nm is achieved by bending a few-mode As,Ses fiber. The
mechanism responsible for multimode interference is also summarized, offering guidelines for
fabricating a desirable filter.

The third contribution of this thesis is the demonstration of a saturable absorber made
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of an AsySes multimode fiber assembly. Instead of operating in a linear regime, saturable
absorption is observed as increasing the input power, where detailed theoretical analysis is
summarized based on nonlinear multimode interference. The chalcogenide fiber saturable
absorber has a modulation depth of 10% and a peak saturation intensity <55 MW /cm?. The
fiber architecture with core to core lateral offsets overcomes the precise length requirement of
multimode fiber. Meanwhile, the saturable absorber acts as a bandpass filter simultaneously
in the laser cavity, resulting in a pulsed fiber laser tunable from 1834 nm to 1895 nm.
Additionally, resembling pulses arise from a secondary cavity, leading to diverse output
pulse train patterns.

All chalcogenide fiber tunable filters proposed in the thesis fulfill a need in the field of

mid-infrared fiber filters and establish a foundation for future research and applications.
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Résumé

La région spectrale de 2 pm a 12 pum dans I'infrarouge moyen accueille d’abondantes capacités
ayant des valeurs commerciales et de recherche. En tant que développement des technologies
de fibre, les systemes tout en fibres qui fonctionnent dans la région spectrale de I'infrarouge
moyen ont suscité un intérét intense en raison de leurs qualités intrinseques, notamment
la robustesse, la flexibilité, et la facilité d’intégration. Ainsi, les composants de base tels
que les filtres, les coupleurs, et les sources de lumiere sont devenus indispensables pour les
applications a fibres dans l'infrarouge moyen.

Dans cette these, j'ai étudié les filtres passe-bande accordables en fibres de chalcogénure
qui sont remarquables en tant que plates-formes polyvalentes pour les applications dans
I'infrarouge moyen. L’analyse théorique, 'instruction de conception, et la vérification expéro-
mentale sont fournies pour les filtres et leurs applications laser.

La premiere contribution de cette these est la démonstration d’un filtre accordable Fabry-
Perot en fibre de chalcogénure. Le verre As,S3 connu pour sa fenétre de transparence jusqu’a
10 pum est utilisé comme substrat en fibre. Des revétements en couches minces hautement
réfléchissants composés de couches alternées de germanium et de fluorure de calcium sont
déposés sur les facettes des fibres dans une chambre d’évaporation a faisceau d’électrons. Le
filtre présente une accordabilité ultra large >300 nm en controlant la distance entre deux
miroirs. Les facteurs dégradant la performance du filtre sont analysés, tels que la rugositéde
surface, la réflectivité des couches minces, et la divergence du faisceau gaussien. De plus,
un laser a fibre dopée au thulium présente une accordabilité en longueur d’onde de 1835 nm
a 1920 nm fonctionnant en régime d’ondes continues, avec le filtre Fabry-Perot servant de
composant sélectif de longueur d’onde.

La deuxieme contribution de cette these est la démonstration d’'un filtre passe-bande
accordable basé sur l'effet d’interférence multimode dans une fibre de chalcogénure. Le
filtre se compose d’une structure de fibre monomode multimode monomode en tant que
solution attrayante avec facilité de fabrication, faible cott, et stabilité. Réputé pour sa
fenétrede transparence jusqu’a 17 wm, le verre As,Ses assure la compatibilité infrarouge
moyen. En comparaison avec les filtres d’interférence multimode dans les fibres de verre
de silice, ce travail introduit des décalages latéraux de coeur a cceur aux interfaces d’entrée
et de sortie entre la fibre monomode et la fibre multimode, menant a plus de flexibilité de

conception dans la détermination de la longueur d’onde de pointe, la gamme spectrale libre,
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et le rapport d’extinction. Une accordabilité de longueur d’onde large et continue >54 nm
est obtenue en pliant une fibre AssSes a quelques modes. Le mécanisme responsable des
interférences multimodes est également résumé, offrant des directives pour la fabrication
d’un filtre souhaitable.

La troisiame contribution de cette these est la démonstration d’un absorbeur saturable
constitué d'un assemblage de fibres multimodes AssSes. Au lieu de fonctionner dans un
régime linéaire, ’absorption saturable est observée comme augmentant la puissance d’entrée,
ou l'analyse théorique détaillée est résumée basée sur des interférences multimodes non
linéaires. L’absorbeur saturable a fibres de chalcogénure a une profondeur de modulation
de 10% et une intensité de saturation maximale <55 MW /cm?. L’architecture de la fibre
avec des décalages latéraux coeur a coeur surmonte 1’exigence de longueur précise de la fibre
multimode. Pendant ce temps, ’absorbeur saturable agit comme un filtre passe-bande si-
multanément dans la cavité laser, résultant en un laser a fibre pulsée accordable de 1834 nm
a 1895 nm. En outre, des impulsions ressemblantes proviennent d’une cavité secondaire,
conduisant a divers types de trains d’impulsions de sortie.

Tous les filtres accordables en fibre de chalcogénure proposés dans la these répondent a
un besoin dans le domaine des filtres a fibre infrarouge moyen et établissent une base pour

de futures recherches et applications.
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Chapter 1

Introduction

1.1 Fiber optics

Since the early years of fiber optics, the first demonstration of low loss silica fiber in the
1970s has not only created a new way of handling optical signals and opened the door to
telecommunications [1], but also led to the emergence of versatile fiber components, including
attenuator, coupler, filter, polarizer, and amplifier [2]. These inventions immediately became
ubiquitous in a vast range of applications thanks to outstanding intrinsic merits of fiber
devices such as compactness, low cost, ease of fabrication, simplicity, and excellent beam
quality. The compatibility between fiber components eliminates the stringent requirement of
optical alignment, offering convenient integration and design flexibility. Therefore, numerous
configurations are feasible and less cumbersome compared to bulk optics [3]. An extremely
long cavity length is accessible for a pulsed fiber laser with a low repetition rate and high
peak power [4]. Heat removal in a fiber laser is also much easier than semiconductor and bulk
lasers. Furthermore, fiber components preserve physical durability and operational stability
in hostile environments, immune to electromagnetic radiation. Regarding all these unique
features, optical fiber has been deemed as an ideal platform for the development toward a
new generation of photonic devices. The innovation of fiber technology has also witnessed

remarkable achievements in both research and industry applications [5].
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1.2 Optical fiber filter

Since optical signals are handled either in the time, space, or frequency domain, the de-
mand for frequency-dependent or wavelength-dependent devices is increasing every year.
Enormous efforts have been devoured into the development of optical fiber filters, which
transmit light in a desirable wavelength range and reject unwanted parts. Taking advantage
of the fiber platform, fiber filters have been one of the pillars in modern fiber optics and are
nowadays being used in a plethora of applications such as wavelength division multiplexer
(WDM), spectroscopy, wavelength-selective switch, noise suppression, environmental sens-
ing, photography, fluorescence microscopy, and laser system [6]. The highlighted parameters
of a fiber filter include central wavelength, 3-dB bandwidth, insertion loss, extinction ratio,
free spectral range, and wavelength tunability [7]. Over past decades, diverse types of fiber
filters have been proposed, commercialized, and employed in different scenarios according
to their unique properties. For example, fiber Fabry-Perot filter is well-known for its broad
wavelength tunability [8], fiber Bragg grating could reflect light in a narrow bandwidth or
serve as a dispersion compensator [9], fiber acousto-optic filter is capable of rapidly tuning
the central wavelength [10], and fiber micro-ring resonance filter has a remarkable quality
factor [11]. Other kinds of fiber filters also play an important role in wavelength selection
such as fiber Faraday filter, Sagnac filter, and thin-film filter.

Despite the tremendous success achieved by all types of fiber filters, the composition
of silica glass severely limits their usefulness beyond the spectral range of 2.4 pm due to
increasing material absorption coefficient. As a result, current applications only exploit
advantages of the telecommunication band while the rest of abundant resources in the mid-

infrared spectral range are still waiting to be explored.

1.3 Mid-infrared spectral range

The importance of mid-infrared spectral range, spanning 2 pm-12 pm, cannot be overstressed
where a vast range of molecules have shown strong vibrational characteristics and fingerprints
such as HyO, CO,, N3O, SO,, and CHy, leading to spectroscopy for structure identification,
chemical sensing, food quality, and environmental monitoring [12, 13]. Figure 1.1 shows the
spectral line intensities of some molecules [14]. The mid-infrared region has a low Rayleigh

scattering loss and contains two transparency windows of Earth’s atmosphere at 3 pm-5 um
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and 8 um-13 pm [15], raising a lot of interest for free-space communication, remote sensing,
and LiDAR [16]. Meanwhile, radiation of objects with temperature ranging from —31 °C to
1180 °C, such as human bodies and planets, overlaps with the mid-infrared spectral range,
playing a pivotal role in thermal imaging, explosive detection, and astronomy [17]. Moreover,
mid-infrared light sources provide rising opportunities for material cutting, welding, ablation,
and modification [18]. In medical surgery, minimal collateral damage is reported while
treating with some soft tissues [19]. Biomedical diagnostics through laser ultrasound imaging
and fluorescence-based microscopy are also promising solutions propelled by researchers [20].

It is believed that just as the advent of silica glass fiber helped launch the information
age, so will the exploration and exploitation of the mid-infrared spectral range speed up the

current technology and science.

Spectral line intensity [a.u.]
o

0.01"

6 8 10 12 14 16
Wavelength [um]

Fig. 1.1 Spectral line intensities of molecules in the wavelength range of 2 pm-
16 wm. Data from the HITRAN database.

1.4 Chalcogenide glass fiber

In this regard, various mid-infrared transparent glasses have been investigated over the years.

Chalcogenide glasses distinguish themselves with ultra-broad transparency windows, surpass-
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ing that of silica glass, sapphire, and fluoride glass which merely extend to 2.4 um, 6.0 pum,
and 7.0 um, respectively [21]. Chalcogenide glasses are named after the chalcogen compo-
sitions such as sulfur (S), selenium (Se), and tellurium (Te) [22]. Since the first report of
chalcogenide glasses in the 1950s [23], followed by the first introduction of chalcogenide op-
tical fiber in the 1980s [24], a large variety of glass forming systems have been demonstrated
with good resistance to crystallization through covalent bonds to constitutes such as arsenic
(As), gallium (Ga), germanium (Ge), antimony (Sb), and tin (Sn) [25]. Heavy element with
large atomic mass results in low phonon energy, low vibrational frequency, and a long wave-
length cut-off edge extending to the mid-infrared spectral range. For instance, chalcogenide
glasses of AsyS3, AsySez, and As,Tes enable mid-infrared transmission up to a wavelength
of 11 um, 17 wm, and 25 wm, respectively [26]. The low phonon energy is also appealing
for rare-earth-dopants and responsible for enhanced quantum efficiency in radiation [27, 28].
There are many reports of chalcogenide fibers doped with erbium, thulium, praseodymium,
or dysprosium, giving rise to light emissions in the mid-infrared spectral range [29]. Gen-
erally, the refractive indices of chalcogenide glasses lie in a range of 2.4-3.0. Widespread
AssSes and As,S3 glasses have a notable nonlinearity up to ~1000 times higher than that
of silica glass [30], especially attractive for nonlinear applications, including pulse character-
ization by cross-phase modulation and four-wave mixing [31, 32], Raman gain and Raman
based laser oscillation [33-39], parametric gain and optical parametric oscillation [40-43],
supercontinuum (SC) [44-48], and wavelength conversion [49-54]. Two-photon absorption
coefficients of chalcogenide glasses become negligible in the mid-infrared spectral range, in
favor of high-power delivery while I. D. Aggarwal et al. reported a fiber damage threshold of
3.0 GW/cm? due to dielectric breakdown at the surface [55]. Besides, chalcogenide glasses
have low glass transition temperatures about 200 °C, easing the way for fiber fabrication [56],
optical fiber coupler fabrication [57, 58], as well as optical fiber taper fabrication [59-62].
Another noteworthy property is the high photosensitivity, benefiting for writing the fiber
Bragg grating filter [25, 63].

1.5 Motivation

Along with the advance of science and technology, chalcogenide glass fibers have manifested
as a novel platform to achieve mid-infrared applications. However, for mid-infrared tunable

filters, only a few published works of chalcogenide fiber tunable filters have been reported
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before this thesis. To date, Littler et al. demonstrated an acousto-optic tunable filter based
on chalcogenide fiber around a central wavelength of 1.45 um [64]. Ahmad et al. reported
a fiber Bragg-grating tunable filter inscribed into chalcogenide wire at a central wavelength
of 1.55 pm [65]. Other mid-infrared filters are in bulk [66] or micro-electromechanical plat-
forms [67] that could not integrate as easily as fiber components. To enrich the category
of chalcogenide fiber tunable filters, this thesis focused on a Fabry-Perot tunable filter and
a multimode interference (MMI) tunable filter in chalcogenide fibers, paving the way for

further applications.

1.6 Main contributions

The main contributions of the thesis are summarized as follows. These contributions have
been disseminated in the form of journal papers and have been presented at international
conferences. First, I demonstrate a Fabry-Perot tunable filter based on As,S3 fibers with a
broad wavelength tunability >300 nm. Mid-infrared transparent materials are selected and
deposited on fiber facets using an electron-beam evaporation system, leading to high reflective
thin-films. A thulium-doped fiber laser operating in a continuous wave regime is built with
a wavelength tunability from 1835 nm to 1920 nm by employing this Fabry-Perot tunable
filter. Second, I demonstrate a multimode interference tunable filter based on AssSes fibers.
A continuous wavelength tunability >54 nm and a hop tunability of 84 nm are presented,
surpassing the tunability of 14 nm in the previous report. The mechanism responsible
for multimode interference and design guidelines are summarized. Third, I demonstrate a
saturable absorber made of an AssSes multimode fiber for the first time. It has a modulation
depth of 10% and a peak saturation intensity <55 MW /cm?. An offset coupling structure is
proposed to overcome the precise length requirement of multimode fiber. By inserting this
saturable absorber in a fiber ring cavity, a pulsed fiber laser is presented with a continuous
tunability from 1834 nm to 1895 nm.

1.7 Thesis organization

The organization of the thesis is as follows:
Chapter 2 introduces basic concepts of a step-index fiber. Equations for beam prop-

agation are developed from Maxwell’s equations. General eigenvalue equations for actual
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fiber modes and degenerated fiber modes are summarized. A theoretical model of multilayer
thin-films is also described for the design and simulation of a high reflective coating.

Chapter 3 demonstrates the structure and optical properties of a chalcogenide fiber Fabry-
Perot tunable filter. Design, fabrication, and characterization process of the high reflective
thin-film coating on chalcogenide fiber facet are presented. The transmission spectrum of
Fabry-Perot filter is fitted using a Gaussian beam propagation model. Then, as a proof of
concept to illustrate the potential application, this Fabry-Perot tunable filter is inserted into
a thulium-doped fiber laser cavity, leading to a continuous wave output with a wavelength
tunability of 85 nm.

Chapter 4 presents the development of a multimode interference tunable filter consisting
of a step-index chalcogenide multimode fiber. Following the analysis of mode propagation
theory, filter properties are compared regarding multimode fibers with different core diam-
eters. The schematic with core to core lateral offsets of both input and output fiber is
proposed, leading to a new degree of freedom in determining the transmission spectrum.
Both continuous and hop wavelength tunability are presented by bending the multimode
fiber. Finally, design guidelines for a broadly tunable bandpass filter are summarized.

Chapter 5 presents a chalcogenide fiber saturable absorber based on the nonlinear multi-
mode interference effect. A brief introduction of multimode nonlinear Schrodinger equation
is given, followed by the mechanism responsible for the saturable absorption. Then, sam-
ples with different saturable absorption properties are compared. Meanwhile, this saturable
absorber acts as a bandpass filter simultaneously. Passive mode-locking is triggered by
inserting this saturable absorber into a fiber laser cavity, leading to a tunable oscillation
wavelength from 1834 nm to 1895 nm. In addition to the conventional single pulse train
pattern, resembling pulse pattern is demonstrated and analyzed.

Chapter 6 concludes the thesis and suggests several promising research projects that have

been inspired by the results of this thesis.
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Chapter 2

Light propagation in optical fibers

and dielectric thin-films

In this chapter, fundamental theories of optical fiber, fiber modes, beam propagation, and
multilayer thin-film structure are introduced. Section 2.1 introduces the structure of a step-
index chalcogenide fiber. Section 2.2 introduces the beam propagation equation. Section 2.3
describes high-order fiber modes, followed by the eigenvalue equation determining propaga-
tion constants of all modes. Finally, section 2.4 gives a brief description of the modeling of

multilayer thin-films.

2.1 Step-index chalcogenide fiber

Since numerous glass forming systems have been demonstrated in chalcogenide glasses, a
step-index chalcogenide fiber could be fabricated with a central core encompassed by a
cladding. Either the material constitution is slightly modified, or a different material is
used, resulting in a core refractive index my higher than the cladding refractive index ns.
The numerical aperture (NA) of the fiber is defined as [2]:

NA = ng - sin 00 =V TL12 — n22 (21)

where ng is the refractive index and 6, is the maximum incident angle at the input medium.
Figure 2.1 shows the cylindrical schematic and refractive index distribution of a step-index

chalcogenide fiber, where a is the core radius and b is the cladding radius. A polymer
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coating is usually applied to enclose the cladding, leading to mechanical durability. The NA
describes the acceptance angle of the step-index fiber. Generally, the linear refractive index
of chalcogenide glass at an operational wavelength far from the resonance is calculated by

the Sellmeier equation [2]:

n*(\) =1+ Z SRy (2.2)

where J; is the resonance wavelength, A; is the strength of jth resonance, and A is the target
operational wavelength. Figure 2.2 shows the calculated refractive indices of AsyS3 glass and

AssSes glass as a function of wavelength, using the Sellmeier coefficients from Amorphous

Materials Inc. [68]
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Fig. 2.1 Schematic of a step-index fiber. (a) Overview. (b) Transverse cross
section. (c) Longitudinal cross section. (d) Refractive index distribution.
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Fig. 2.2 Refractive indices of chalcogenide glasses.

The phenomenon that material has wavelength or frequency dependent properties is
known as material chromatic dispersion, resulting in a varied phase propagation constant

that is defined and expanded in a Taylor series as [69]:

B(W)Zneﬁ(w)'c%Zﬂo+ﬁ1'(W—wo)‘i‘%ﬂm(w—woy-l—-”

m (2.3)
Bmz(d ﬁ) m=0,1,2,...

dw

where neg(w) is termed as the effective refractive index, determined by the fiber structure,
refractive indices, and operational wavelength. c¢q is the light speed in vacuum. fy is the
propagation constant at a frequency of wy, 81 accounts for the group velocity, and [, describes

the group velocity dispersion that responsible for pulse broadening.
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2.2 Beam propagation in a fiber

The behavior of electromagnetic wave in a step-index fiber is dominated by Maxwell’s equa-
tions and constitutive relations in the material, which are summarized as the following
set [70]:

VxE= —aa—lf (2.4)
VxH=J+ 86_13 (2.5)
V-D=p, (2.6)
V-B=0 (2.7)
D=e¢E+P (2.8)

B =poH+ M (2.9)

where E and H are the electric and magnetic field vectors. D and B are the corresponding
electric and magnetic flux densities. J and p, are current and charge densities, which equate
to zero in the absence of free charges in an optical fiber. And t corresponds to the time
domain. According to the constitutive relations in the material, the electric and magnetic
flux densities D and B arise in response to the electric and magnetic fields £ and H, where
€p and g are the values of permittivity and permeability in vacuum. P and M denote
the induced electric and magnetic polarizations in the material. Chalcogenide glasses are
nonmagnetic materials, leading to M = 0.

For simplification, magnetic related parameters are eliminated and only the electric field
is preserved to better investigate the propagation behavior. At first, applying curl operator
to Eq. 2.4 leads to

VxVxE:Vx(—%—f) (2.10)

Then use Eq. 2.5, Eq. 2.8, and Eq. 2.9 to eliminate B, H, and D, resulting in

0*E 0*P

VXVXE:_GOMOW_MOW

(2.11)

According to the vector identity relation where V x (V x A) = V(V - A) — V24, Eq. 2.11 is
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expressed as
0’FE 0*P
oz~ "o

In a homogeneous medium such as a step-index fiber, the polarization induced by electric

V(V-E)—V’E = —eupo (2.12)

field is represented in linear and nonlinear parts

Pu(t) = € / O = 1) B(r)dr (2.13)

—00

t t t
PNL(t) = 60/ d7'1/ dTg/ dTg X X(g)(t —Tl,t— Tz,t — Tg);E(Tl)E(TQ)E(Tg) (214)

where Y and y® are the first and third order of electric susceptibilities of the medium.
To further simplify the equation, only linear instantaneous polarization is considered,

assuming P = egxVE. Then, Eq. 2.8 is written as
D =e(1+xV)E = e, E = ¢E (2.15)

where € is the permittivity in medium and ¢, is a dielectric constant.
Generally, permittivity € in the fiber is independent of spatial coordinates, leading to
V-D=¢eV-E=0. Then Eq. 2.12 takes the form of the wave equation

0*E

2
VE_GMOW

(2.16)
Applying definitions ¢2 = 1/epuo and €, = 1 + x!) = n?, where n is the refractive index of
the medium. Eq. 2.16 is rewritten as

B n? 0*’FE

V2E = ———
ct ot?

(2.17)

To convert the wave equation into the frequency domain by applying the Fourier transforma-
tion function F(w) = J72 E(t)-e7dt, one can get the well-known Helmholtz equation [69]

V2E(w) + n*k2E(w) =0 (2.18)

where kg = w/cy is termed as the wavenumber.
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2.3 Fiber modes

Incorporated with the boundary condition determined by the fiber structure, a finite number
of solutions of the Helmholtz equation are calculated. These solutions are known as guided
fiber modes describing the behaviors of electromagnetic waves propagating along a step-index
optical fiber while maintaining their propagation constants and transverse field distributions.
To solve the Helmholtz equation in a fiber, Eq. 2.18 is expressed in cylindrical coordinates

r, ¢, and z: N N N N
O*E 10FE 10*°E 0O°F 9 9=

it T A W BEE =0 2.19

8r2+rar+r23¢2+8z2 R ( )

The electric field E is decomposed into three polarization directions, which all satisfy Eq. 2.19.

The magnetic field H is also decomposed into ﬁr, ﬁ¢, and H, in a similar way.

E(r,¢,2) = Ey(r,¢,2)F + Eg(r, ¢, 2)6 + E.(r, 6, 2)%

~ . (2.20)
H(r,¢,z) = H.(r,0,2)7 + Hy(r, ¢, 2)p + H.(r, ¢, 2)2

For electromagnetic waves, only two components out of six are independent. Thus, EZ and

H, are customarily chosen while others are expressed in terms of Ez and ﬁz The following

equations are derived from Eq. 2.4 to Eq. 2.9 [71]:

P wm—f . :881% . c;_/;@;;f;] (2.21)
B wz,:f - %8;:; - %351 (2.22)
i wm-f . :agz - %aa% (2.23)
7 - Uﬂu_f . % 88% . % 08_% (2.24)

The method of separation of variables is used to solve E, by assuming

E.(r,¢,2) = F(r) - ®(¢)- Z(z) - " (2.25)
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Substituting Eq. 2.25 into Eq. 2.19 leads to

1 OF 10*F 1 0’0 10*Z7

— 1t = - kgn® =0 2.26
F-T8T+F8r2+<b-r28¢2+26z2+On (2.26)
Eq. 2.26 is rearranged to obtain
_ 10272 _ p2
120(;22 1i2F 1920 | 7.2,2 2 (2.27)
Fror tFor T amoge T hon” =5
Then equation of Z(z) is solved as
Z(z) = e 1 (2.28)

Substituting Eq. 2.28 into Eq. 2.27 and mutiplying by r? at both sides of the equation, lead

to
roF r20%F

For  For
Similarly, Eq. 2.29 is rearranged to obtain

150
B 952

+ kin?r? — B%r? = — (2.29)

82
0

iS4
[N}

P] m

r2 9*F 2,22 (92,2 _ 2
-+ maE +kgntrt — frt =m

&=
<.

(2.30)

|Q>
“11

[l
Q

The equation of ®(¢) is solved as
®(¢) = e™? (2.31)

where m must be an integer to satisfy the azimuthal condition that ®(¢) = ®(¢ + 27).
Substituting Eq. 2.28 and Eq. 2.31 into Eq. 2.25, EZ is rewritten following the form of

Ez(r, },2) = F(r) - l@t=pztme) (2.32)

Then, Eq. 2.30 is rearranged as

o°r 107

2
2.2 g m _

Eq. 2.33 is well-known as the Bessel differential equation solved using the series method to
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obtain solutions known as Bessel functions. Recall the refractive index distribution.

ny forr<a
n =
ney forr >a

In view of the physical consideration that power cannot be infinite, solutions of Eq. 2.33 are

expressed as

Adp(kr)  forr<a
F(r) = (2.34)
CK,(yr) forr>a

where A and C' are constants, x and v are defined as

k= /niks — B

(2.35)
v =B = nikg

In summary, E. has the form of

~ Adp (k1) - el@t=Bz4me) — for p < g
E.(r,¢,z) = . (2.36)
CKp(yr) - el@t=B4me) for r > q

The same procedure is followed to obtain the magnetic field component and I:TZ has the

form of

~ B, (kr) - el@t=p=4mé)  for r < g
F.(r,6,2) = | (237
DK, (yr) - e@t=84md)  for r > ¢

Replacing E, and H, of Eq. 2.21 to Eq. 2.24, one can get expressions of the rest four
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components for an electromagnetic wave. In the core region,

E, = _—126 ArJ! (k1) + lw'umBJm(/W)} . glWt=Bztme)

K T
E,= _—lf ﬂAJm(fﬂ“) — %BHJ;(I{T)} . glwi=Bztmg)

k2| r

r T (2.38)

~ - iwegnim .
H, = —— | BKkJ,,(kr) — %AJm(m)} . glwt=pztmg)

R T
- _iB Ti 2 .
Hy = K—lf %BJm(m“) + —wegnlAﬁJ,gl(nr)} - glwt=fztme)

And in the cladding region,

E, = ;—62 CyK,, (yr) + %DKHI(’W“)} - elwt=pztme)
I 16 :im wi i(wt—Bz+m
Bo= 1 |0t (o) = 2 DR )| - - sem

o T : (2.39)
~ i iwegnam ot Bt
H, = o DyK] (yr) — —;7“2 C’Km(’yr)} - glwt=fztme)
8T 2 .
Hy = ;_52 ?DKm(’YT) + %C’yK{n(’yr)] . elWi=pztme)

Meanwhile, the tangential components of E and H are continuous across the core-cladding
interface, imposing that Ez, ﬁz, E’¢, and ﬁ¢ are continuous when r = a. To determine the

coefficients of A, B, C, and D, following equations are constructed:

(AJm(/m) = CK,,(ya)
BJp(ka) = DK, (va)
;—if [iTmAJm(/fa) - %’*Bmt];l(na)]
i [iTmBJm(/m) + %Alﬁjfn(ﬁa)}

\ ~

(2.40)

ig
3z

[iTmCKm(va) - %DvKln(va)}
i i wegn?
4 |2 DK (ya) + 25L0VK;, (1)

which could be reconstructed into the matrix form

M](A B C D)'=0
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where
I (Ka) 0 — K, (ya) 0

0 I (Ka) 0 — K (va)
%Jm(/@a) L gl (ka) %Km(ﬁa) i“’T“K;n(ya)

St g1 (wa) B g (ka) R (va) K, (va)

M) =

In order to get a nonzero solution for (A B C D), the matrix M is required to be non-
full rank, while the determinant of matrix M should be zero. Thus, the eigenvalue equation
is obtained, where 3 is the only unknown variable. For each integer value of m, there are a
various number of solutions for 3, labeled as 3, ,,, corresponding to the propagation constant
of each fiber mode [71].

I (K1) K7, (va) } [n%J&(HG) ”%ffh(va)]
kaJm(ka)  vaK,(va) | | kady,(ka) — vak,,(va)

() ()T ()

According to Eq. 2.40, coefficients B, C', and D can be represented in the form of coeffi-

(2.41)

cient A. However, because the matrix M is non-full rank, the coefficient B has two solutions,
one of them expressed as
ifm &+ 712

I (Ka) K (va)
wha KJm (Kka) + YK m (ya)

B =

(2.42)

which corresponds to E¢ continuity, leading to EH modes that with B > A. The eigenvalue

equation for EH modes is derived as

Tnar(sa)  n3tnd Ky(ra)
kadn(ka) — 2n?  yaK,(ya)

2 2.43
m n?—n2\? [ K’ (ya) 2+ mB\° | [ 1 2+ 1)° (243)
(ka)? 2n? ya K, (va) niko Ka va
Another solution of B is expressed as
iwena ni Jy, (r5a) + n3 K7, (va)
B =0 rinlie)  2Embe) 4 (2.44)
Bm 2zt
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which corresponds to _[A{/¢ continuity, leading to HE modes with A > B. The eigenvalue

equation for HE modes is derived as

Im-1(ka) _n% +n3 K! (ya)
Kadm(ka) 2n?  yakK,,(va)

o\ C) Gt) G |G) ™+ G

Especially when m = 0, then either B = 0 or A = 0. There are only fields of ET, EZ, and
f[¢, referred as TM mode for B = 0. There are only fields of f[r, F[Z, and E’¢ referred as TE
mode for A = 0.

For further simplification, it is customary to make a weakly guiding approximation in

2 (2.45)

optical fibers where the difference of refractive indices between core and cladding is small
such that n; = ny. Then Eq. 2.43 and Eq. 2.45 are reduced to

Imti1(ka) | Kmia(ya)
= for EH mod 24
v (ra) + Sk, (a) 0 or modes (2.46)
_ K
Im-1(ra) _ Km-1(ya) =0 for HE modes (2.47)
kaJy(ka)  yak,,(va)

On the other hand, linearly polarized (LP) light are assumed regarding the weakly guiding
assumption where Ey — 0 and E,(r,¢,2) = F(r)e=f=+tmé)  Following the same analysis

procedure, the eigenvalue equation for LP modes is obtained as

I (Ka) Kin(va)
KaJm-1(ka)  yaK;,—1(ya)

=0 for LP modes (2.48)

It is found that Eq. 2.48 has same solutions that also satisfy Eq. 2.46 or Eq. 2.47, which
means LP modes are constructed by superposition of the degenerated EH modes and HE
modes that have the same propagation constant. Thus, it is reasonable to make the assump-
tion of LP modes. The detailed relationship between LP modes and the corresponding EH
modes or HE modes is listed in the following table [71]:
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Table 2.1 Relationship between LP modes, EH modes, and HE modes

LP modes (n > 1) | Conventional modes (n > 1)
LPy, HE:,
LPy, TEo,, TMoy,, HEs,
LP,, (m > 2) EHp—10, HEp 415

2.4 Multilayer thin-film coating

There have been extensive studies toward dielectric thin-film coatings that act as antire-
flective coating, high reflective coating, beam splitter, and bandpass filter based on the
interference of light. It is addressed that a multilayer thin-film structure is adopted in an
ultra-high reflective coating with less absorption loss than metallic mirrors. Theoretical
analysis regarding reflectance and transmittance of the multilayer thin-film coating has been
developed in many textbooks [70, 72, 73].

Figure. 2.3 shows the schematic of multilayer thin-film structure consisting of L layers in
total between an incident medium and a substrate. Refractive indices of the incident medium,
the kth layer, and substrate are labeled as ng, ng, and ng, respectively. The thickness of
each layer is referred as dy.

The matrix method is a powerful way to calculate the properties of multilayer thin-film

coating where each matrix represents a single thin-film layer, written in a notation [73]

cos 0y, 2 sin dy,
M, = Tk (2.49)

ingsindg  cosdy

where 0, is the phase shift

2
5 = w (2.50)

with A the wavelength of incident light. And 7 is the effective refractive index in each layer

N

for p-polarization
ne = { cosbh (2.51)

ny cos By, for s-polarization

where 6, is the propagation angle in each layer. Snell’s law provides correlations for 6 in
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Fig. 2.3 Schematic of a multilayer thin-film coating
each layer.
ngsin By = ny, sin 0,

The characteristic matrix of the whole multilayer thin-film coating is written as the

product of each matrix

mir m

M=MM, ;- -MM, = | " " (2.52)

Ma1 M2

Then the amplitudes of reflectivity and transmissivity are calculated through [73]
_ MoMmiai — Moz + NNtz — Moy (2.53)
NoMi1 + NsMag + NoNsMMiz + Moy '
2

t= 1o (2.54)

NgM11 + NgMao + NoNsM1a + Moy
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followed with the intensity of reflectance and transmittance expressed by

R=rr" (2.55)
_ Reln,]
T= S (2.56)

where Re extracts the real part of the element.
Considering the surface roughness at certain interface, a single absorbing layer is added
at each interface to model the scattering loss [74]. The thickness dg, the real part ng, and

the imaginary part kg of refractive index of this additional layer are expressed as

dp =20 (2.57)

. [n2+n2 7w dp(n,—ny)*(ne +m)
— —ikp = a b _ = 2.58
T e 2 Wik Jiim (2:58)

where o is the root-mean-square roughness of the surface, n, and n; are the refractive indices

of adjacent materials.

Generally, a broadband high reflective thin-film coating is obtained from a multilayer
structure with alternate layers of high and low refractive index dielectric materials when the
thickness is determined through [75]

A

where ny denotes the high refractive index and nj, represents the low refractive index. )\ is

the central wavelength of this reflector. The relative bandwidth coefficient % is expressed

A 4 —
aA 4 arcsin (u) (2.60)
A T ng +nrg

as
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Chapter 3

Chalcogenide fiber Fabry-Perot
tunable filter

In this chapter, the first mid-infrared compatible Fabry-Perot tunable filter based on AsyS3
fibers is demonstrated. Dielectric multilayer thin-films are designed and deposited on the
chalcogenide fiber facets, acting as high reflective mirrors. The first part of this chapter sum-
marizes theory of the Fabry-Perot interferometer. The second part presents the fabrication
process and experimental results. In the third part, a tunable fiber laser is assembled as an

example of potential applications.

3.1 Introduction

The Fabry-Perot interferometer is an optical resonant cavity named after Charles Fabry
and Alfred Perot since its first introduction in 1899. It primarily consists of two paral-
lel reflectors where light is reflected back and forth successively in the cavity, leading to
constructive interference at some wavelengths [7]. The implementation of Fabry-Perot in-
terferometer to the present has not only contributed to wavelength-selective systems but
also inspired a large variety of applications where refractive index, temperature, pressure,
displacement, strain force, and humidity are measured [76-79]. The integration of a high
finesse Fabry-Perot cavity also helps enhance the interaction between light and matter in
a quantum system [80]. When incorporated with fiber technology, the reflector of a fiber
Fabry-Perot interferometer is usually realized by Fresnel reflection, metallic mirror, dielectric

multilayer thin-film coating, Sagnac loop mirror, or chirped Bragg grating. In addition to
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the conventional Fabry-Perot cavity with parallel plane reflectors [81], diverse cavity struc-
tures have been proposed to reduce the insertion loss and enhance the cavity finesse. D.
Hunger et al. demonstrated a concave cavity [80]. Y. Liu et al. presented elliptic, D-shaped,
and crescent-shaped cavities [78]. Y. Jiang et al. adopted micro-lens to focus light in the
cavity [82]. Other methods to match cavity mode and fiber mode include inserting a section
of singlemode fiber, hollow-core fiber, or multimode fiber in the resonant cavity [79, 83].

Though fiber Fabry-Perot interferometer has been successfully demonstrated and com-
mercialized over the past years, the operational wavelengths of these devices merely extend
to 2.4 um because of the transparency window of silica glass. In comparison, chalcogenide
glasses have transparency windows extending to 11 pm (AseS3) and 17 um (AsgSes) as men-
tioned in chapter 1, which are good candidates for the mid-infrared spectral range that is
utmost interest for a large variety of applications including chemical sensing, free-space com-
munication, and surgical ablation. However, none of the published work before this thesis
demonstrated a chalcogenide fiber Fabry-Perot tunable filter. It is the lack of such broadly
tunable fiber filters compatible with the mid-infrared range that motives the work carried
out in this chapter.

In this chapter, I demonstrate the first Fabry-Perot tunable filter made of chalcogenide
fibers terminated with high reflective multilayer thin-film coatings. Germanium (Ge) and
calcium fluoride (CaFy) are selected for mid-infrared thin-film layers which are deposited
alternately using the electron-beam evaporation method. The filter has a broad tunability
>300 nm by controlling the gap distance between two fiber facets. A thulium-doped fiber
laser is demonstrated with a continuous wave output and a wavelength tunability from
1835 nm to 1920 nm.

3.2 Theoretical background

3.2.1 Fabry-Perot filter with a plane wave

Figure 3.1 shows the schematic of a traditional Fabry-Perot cavity, constructed by two par-
allel plane mirrors with their reflectance denoted by Ry and R,. Considering a plane wave is

successively reflected between two mirrors without excess loss of absorption and scattering,
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Fig. 3.1 Schematic of a Fabry-Perot cavity with plane mirrors

the reflectance R and transmittance T of the Fabry-Perot cavity are expressed as [7]

R1+R2—|—2 RlRQCOSQO
R= v (3.1)
1+ RiRy — 24/ R1Rycos p

(1 -Ry)(1—Ry)

= 3.2
1+ RiRy — 2v/R{Rycos (32)
where ¢ is the roundtrip propagation phase shift in the cavity
4mndf cos 0
Y= T (3.3)

where n is the refractive index in the cavity, d is the distance between two mirrors, 6 is
the incident angle, ¢q is the light speed in vacuum, and f is the frequency of light. The
transmittance reaches a maximum when ¢ = 2¢m, where ¢ is an integer, leading to the

expression of resonant frequencies

q - Co
=40 4
/ 2nd cos 0 (3-4)

The free spectral range (FSR) frsg is then defined as the interval between two successive

transmission peaks, leading to
Co

2nd cos 0

Figure 3.2 shows the transmittance as a function of frequency. The quality of Fabry-

frsr = (3.5)

Perot cavity is described by a parameter called finesse, which is the FSR divided by the
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3-dB bandwidth of the transmission peak, corresponding to the reflectance of mirrors.

_ frsk _m . (1= (RiRy)"? -
F = —AfFWHM i [arcsm (—2(R1R2)1/4 (3.6)
1 | | .
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Fig. 3.2 Transmission spectra of a Fabry-Perot filter without cavity loss.

3.2.2 Fabry-Perot filter with a Gaussian beam

However, the free space propagation in the Fabry-Perot cavity suffers from beam divergence,
resulting in energy loss and mode mismatch to the fiber mode. The behavior of a diverging
beam is usually approximated by a Gaussian beam expression. The polarization component
along the propagation direction is negligible, which is the case of linearly polarized modes
under the weakly guiding condition in an optical fiber. The fundamental Gaussian mode is

used to represent the beam from a single mode fiber, expressed as

2, .2
exp <—ikx Y ikz) (3.7)

E(k,z,y,z) = 2402)

woq(2)
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where k = %T” is the wavenumber, = and y are transverse axes, z is the propagation axis,

wp is the waist radius that equates to the radius of fundamental fiber mode, ¢(z) and ¢ are
given by

2
Wy,

Q(Z) =z+4+q :Z+IT (38)
To incorporate with the multilayer system, Eq. 3.7 is decomposed into a two-dimensional

angular distribution of plane waves by applying Fourier transform function [84]

E(k, ke, ky, 2) = // E(k, x,y, z)e ke tkuv) qzdy

2 ( A2 R ikz) (3.9)

Y Tk

where £, and k, are transverse wavenumbers. Because of the circular symmetry, Eq. 3.9 is

~ 2 2
Bk, ky, 2) = —i% exp (—i@ - ikz) (3.10)

with k7 = k2 + k. Then 6 in Eq. 2.50 is linked to k; with the relation

reduced to

ks
inf = — 3.11
sin L (3.11)
The transmission through the whole multilayer thin-film structure, including the cavity
gap, is calculated following the matrix method in chapter 2.
Then the light is coupled to another single mode fiber with mode mismatch, where the

coupling coefficient or transmittance is calculated by the overlap integral equation

_ fok EO“tE;iberktdktP
| f()k EfiberE}iibeTk'tdktP

T()\) (3.12)

where E tiber denotes the fundamental fiber mode and E’Om is the electric field after the whole

multilayer structure.
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3.3 Design and fabrication

Figure 3.3 shows the schematic of a fiber Fabry-Perot tunable filter made of As,S3 fibers with

code/cladding diameters of 6/170 um. High reflective thin-film coatings are designed to cover

Ao

yTe Fibers are
ng

the spectral range of 1.1 um-2.8 um with quarter-wavelength thicknesses d =
attached to V-grooves and aligned face to face by fine-tuning the 5-axes translation/rotation

stage.

Thin-film  Thin-film

coating coating As2Ss fiber
E\ Light out

( —_—
N

Fig. 3.3 Schematic of a fiber Fabry-Perot filter

As2Ss fiber

Light in

—/

Regarding a suitable thin-film coating with mid-infrared compatibility, the dielectric ma-
terials are principally selected by factors such as transparency window, refractive index,
mechanical stress, adhesion, toxicity, and cost. The most common materials in the mid-
infrared range are summarized in Table 3.1, including MgF,, CaF,, BaFy, SiO, TiO,, Al O3,
ZnS, ZnSe, CdTe, Si, and Ge [85]. The durability, stress, and optical property of a thin-film
also vary with deposition technologies, where the microstructural growth process plays a
key role [86]. Many excellent reviews have been published discussing the parameters such
as substrate, temperature, pressure, deposition rate, surface roughness, contamination, en-
ergetic particle bombardment, and annealing condition that affect the process of nucleation,
island growth, coalescence, and film growth [87-89]. In this work, I choose the electron-
beam evaporation method because a large chamber volume is suitable for the fiber holder,
the high deposition rate leads to a reasonable processing time of multilayer thin-films, and
it is a relatively cheap method compatible to a considerable amount of materials. Ac-
cording to the electron-beam evaporation system in the laboratory, ZnS, ZnSe, and CdTe

are avoided because they all decompose during evaporation, leading to high vapor pressure,
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while the condensed residuals on the chamber wall will be reintroduced to contaminate other
thin-films [73]. Special precautions should be taken when exposing these materials to the
atmosphere, preventing toxic compositions. Otherwise, strict disposal regulation should be
followed in a shared environment. Multilayer high reflective coating consisting of MgF, and
TiO4 is found with severe delamination due to high tensile stress in the MgF, layer, in line
with the report of Muallem et al. [90]. Multilayer coating composed of CaFy and TiO, leads
to a rough surface and much lower reflectance than the theoretical value. Finally, it is the
combination of CaFy as low refractive index material and Ge as high refractive index mate-
rial that results in a stable and high reflective thin-film coating, where the large refractive
index contrast is favored for less total thickness and broader reflection spectral bandwidth
compared to other common materials. According to literature, CaF, has a transparency
window up to 12 wum and a refractive index of 1.42 at a wavelength of 2 um, while Ge has a

transparency window up to 23 um and a refractive index of 4.10 at a wavelength of 2 um [85].

Table 3.1 Properties of common mid-infrared materials

Material | Refractive index at 2 wm | Transmission wavelength range
7nS 2.28 0.4 um-15.0 pm
ZnSe 2.44 0.6 pm-21.0 pm
CdTe 2.70 0.9 um-15.0 pm
Al, O 1.73 0.2 um- 6.5 pm
SiO 1.85 0.7 um- 9.0 pm
TiO, 2.40 0.4 pm- 6.2 um
Cal's 1.42 0.1 um-12.0 pm
BaF, 1.46 0.2 pm-15.0 pm
MgF, 1.37 0.1 um- 7.5 pm
Si 3.44 1.0 pm- 9.0 um
Ge 4.10 1.8 pm-23.0 um
GaAs 3.33 1.0 um-16.0 um
NaCl 1.53 0.2 um-18.0 um

Figure 3.4 depicts the schematic of an electron-beam evaporation chamber. As,Ss fibers
are polished and attached to a holder where one end of the fiber is oriented vertically. The

temperature of fiber facet is not additionally controlled, while it increases under the heat
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flux radiated by evaporants. The holder is rotating to promote uniformity of the thin-
film. Dielectric materials are vaporized by an electron-beam and subsequently condensed
on fiber facets. A quartz crystal oscillator is used to monitor the layer thickness. The
chamber pressure is kept under 5x107% Torr, where a low pressure is usually recommended
for the high quality of a thin-film. The deposition rate is set at 0.2 nm/s. After deposition,
no annealing process is applied. The above condition and procedure are not optimal, but

feasible for CaF, and Ge layers.

Ferrule
As:Ss fiber

Electron-bea

Evaporating Material

Fig. 3.4 Electron-beam evaporation chamber for thin-film deposition. QCO:

quartz crystal oscillator

In the first place, it is essential to calibrate the quartz crystal oscillator for thickness
monitoring. Therefore, single layer of CaFs is deposited on a silicon chip. Then, thickness
and refractive index are determined by an ellipsometer, while the thickness is double-checked
by a surface profiler (Dektak 150). The same verification is followed for Ge single layer. The
average measured refractive index of CakFy thin-film is 1.25 at a wavelength of 2 um, while
the top part of the thin-film has a smaller refractive index than the bottom part. An
identical phenomenon is reported by O. S. Heavens et al. [91] due to the porous structure

of CaFy layer. Dense films could be achieved by an ion-assisted deposition method. The
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measured refractive index of Ge thin-film agrees with the theoretical value. After calibration
of the quartz crystal oscillator, the accuracy of each layer is controlled within an error of
15 nm due to fluctuation of the deposition condition, leading to a shift of the reflection
spectrum. Figure 3.5 shows reflection spectra of 5-layer thin-film coatings designed at a
central wavelength of 1600 nm and 5000 nm respectively. The thickness of each layer is
modified randomly within a deviation of 20 nm around the quarter wavelength thickness.
Broad high reflective wavelength region is obtained, especially at the longer wavelength. So,

the accuracy of layer thickness still meets the design requirement.
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Fig. 3.5 Reflection spectra of 5-layer thin-film coating designed at a central
wavelength of (a) 1600 nm and (b) 5000 nm. Thickness of each layer is modified
within a random deviation of 20 nm around the quarter wavelength thickness.

The central wavelength of the reflection coating is arbitrary set to 1.5 pum for ease of
measurement, expecting a layer thickness of 288 nm for CaFs and 91 nm for Ge. High
reflective coatings are deposited on As,Ss fiber facets with three alternate thin-film layers of
“high-low-high” (HLH) refractive indices and five alternate layers of “HLHLH”.

3.4 Experimental characterization

Figure 3.6a illustrates the schematic of a setup to characterize high reflective coatings. Broad-
band light from a supercontinuum source is first coupled through a circulator and reflected
by a silver layer with a thickness of 30 nm coated on a silica fiber facet, as a reference that
provides 95% reflectivity across the spectral range. An optical spectral analyzer (OSA) is

used to record the optical spectrum in the range of 1.2 um-2.3 um. Reflection spectrum of
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the high reflective thin-film coating on the As,S3 fiber facet is then measured and calculated

according to the reference. Due to the air gap, the measured reflectivity is expressed as

T2 Rcoatin
Rmeasure == Rsilica + silica g

3.13
]_ — RsilicaRcoating ( )

where Rgilica and Tiica are reflectivity and transmissivity of the silica fiber facet in air. Reoating
is the actual reflectivity of coating. When Reoating > 83%, the difference between Rieasure
and Reoating 18 <0.1%. Thus, an approximation is made that Reoating = Rmeasure- Figure

3.6b shows reflection spectra of three-layer and five-layer coatings. The reflectivity is 90%
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Fig. 3.6 (a) Schematic of the setup to measure the reflection spectra of thin-
film coatings. (b) Measured and simulated reflection spectra of thin-film coat-
ings with 5-layers (HLHLH) and 3-layers (HLH) structures. H: high refractive
index. L: low refractive index. SC: supercontinuum source. OSA: optical spec-
trum analyzer.
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Fig. 3.7 Fiber facet after polish observed by (a) camera and (b) atomic force
microscopy. (c¢) Extracted roughness.

of the three-layer coating and 96% of the five-layer coating, which is about 4% lower than
the theoretical value. Figure 3.7a shows the fiber facet after polish. Figure 3.7b and 3.7c
show the surface roughness measured by an atomic force microscopy, which is about 10 nm
and explains the reduction of reflectivity according to Eq. 2.57 and Eq. 2.58. The spectrum
shift of the 3-layer high reflective coating is caused by the reduced thin-film thickness due
to variation of depositing condition.

Figure 3.8a shows the schematic of a Fabry-Perot cavity consisting of two As,S3 fibers
coated with 5-layer high reflective thin-films. Fiber to fiber coupling is adjusted by 5-axes
translation/rotation stages while the air gap between two fibers constitutes a Fabry-Perot
cavity. A supercontinuum source and an OSA are used to measure the transmission spectrum
of Fabry-Perot filter through the connecting silica fibers. Mechanical stability is ensured by
ultraviolet (UV) ray cured epoxy at the joint between silica fiber and chalcogenide fiber, with
a coupling loss of 2.5 dB where 0.3 dB loss comes from the Fresnel reflection at the interface,
0.7 dB loss is due to mode mismatch, and 1.5 dB loss attributes to the angular misalignment.
Figure 3.8b plots the transmission spectra of a Fabry-Perot filter corresponding to an air
gap distance of 4.0 um, 4.7 um, and 8.2 um. There is no noticeable multimode interference
effect at the wavelength range of 1.2 um-2.3 um, despite that the single mode condition of
AsyS3 fiber is satisfied at wavelength beyond 2 um. The Fabry-Perot has a free spectral
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Fig. 3.8 (a) Schematic of the setup to measure the transmission spectrum
of fiber Fabry-Perot filter. (b) Measured transmission spectra of fiber Fabry-
Perot filter at different cavity length. SC: supercontinuum source. OSA: optical
spectrum analyzer. FFP-TF: fiber Fabry-Perot tunable filter.

range >350 nm at a cavity length of 4 pwm, leading to a broad wavelength tunability. A
finesse of 17 is also obtained at a cavity length of 4 um, limited by insufficient coupling of
the diverging Gaussian beam propagation.

In addition to the air gap in Fabry-Perot cavity, figure 3.9a shows various coupling
methods that are applied to enhance the coupling efficiency, including index-matching liquid
and micro-lens. Figure 3.9b shows the corresponding finesse as a function of the free spectral
range of each method. The smaller the free spectral range, the longer the cavity length.
It is reasonable that finesse decreases when cavity length is longer due to the increasing

coupling loss. The index-matching liquid has a refractive index of 1.47. However, it does
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Fig. 3.9 (a) Schematics of Fabry-Perot filters with the cavity gap constructed
by air, index-matching liquid, and micro-lens. (b) Relationship between finesse
and free spectral range using different coupling methods.

not improve the finesse significantly. Micro-lens is made on the fiber tip using liquid drops
with a refractive index of 1.47, following the method of Y. Jiang et al. [82]. Though the
cavity length is inevitably increased due to the volume of micro-lens, a higher finesse of 27
is obtained. With Eq. 3.6, the corresponding effective reflectivity of coating is calculated
as 90% which is lower than the measured value, indicating that it is the coupling loss that
limits the performance of Fabry-Perot filter. Furthermore, the polish of chalcogenide fiber
usually leads to a convex fiber facet, inhibiting the coupling efficiency. Therefore, a concave
fiber Fabry-Perot cavity could be used to further increase the finesse.

Figure 3.10 shows the transmission spectrum of Fabry-Perot filter that is continuously
tunable by adjusting the cavity length. A wavelength bandpass tunable filter is demonstrated
with a tunability of 300 nm and a finesse of 15. The filter has an insertion loss of 13 dB and

an extinction ratio of 17 dB at the central wavelength. The extinction ratio is limited by
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Fig. 3.10 Measured and simulated transmission spectra of the fiber Fabry-
Perot filter at a cavity length of 4.67 um, 4.74 um, and 4.80 um. HR: high
reflective. Noise level is due to the sensitivity limit of optical spectrum analyzer.

the noise level of instrument. The insertion loss varies with the peak wavelength, attributed
to the free space propagation of Gaussian beam between two flat reflectors. Figure 3.10 also
shows the simulation results based on the Gaussian beam propagation. On the condition of
5-layer high reflective coatings, whose reflectivity is >99%, the insertion loss is 16 dB at the
central wavelength. On the condition of 3-layer high reflective coatings with a reflectivity of
95%, the insertion loss at the central wavelength is 5 dB. It is found that higher reflectivity
leads to larger insertion loss and extinction ratio. The concave fiber facet could be used to
reduce such insertion loss caused by the Gaussian beam propagation. The mismatch between
transmission spectra of the experiment and simulation arises from the degradation of high
reflective coatings as well as the proximity to the OSA instrumental noise floor.

Figure 3.11 shows the schematic of a thulium-doped fiber tunable laser operating in the
continuous wave regime, where a chalcogenide fiber Fabry-Perot filter is inserted in the cavity
to tune the lasing wavelength. A truly mid-infrared tunable laser could be constructed if

all other components are mid-infrared compatible. A thulium-doped fiber with a length of
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Fig. 3.11 Schematic of a Tm-doped fiber tunable laser. EDFA: erbium-doped
fiber amplifier. WDM: wavelength division multiplexer. FFT-FT: fiber Fabry-
Perot tunable filter. OSA: optical spectrum analyzer.

30 cm is pumped by the spontaneous emission from an erbium-doped fiber amplifier via
a 1550/1850 nm wavelength division multiplexer. An isolator with 38 dB isolation keeps
unidirectional propagation in the ring cavity. Otherwise, a linear cavity constructed by two
high reflective coatings is dominant. A 95/5 coupler is used to extract light from the cavity.
The silica fibers are butt-coupled to chalcogenide fibers using UV-cured epoxy, leading to
mechanical stability.

Figure 3.12 shows the spectra of the fiber laser at a pump power of 1.5 W while the lasing

Power density [dBm/nm]
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Fig. 3.12 Spectra of the Tm-doped fiber tunable laser with a tunability from
1835 nm to 1920 nm.
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wavelength is continuously tunable from 1835 nm to 1920 nm. The tunability is limited by
the gain bandwidth of thulium.

3.5 Summary

In conclusion, the first mid-infrared compatible Fabry-Perot tunable filter based on chalco-
genide fibers is demonstrated with a continuous tunability >300 nm. High reflective thin-film
coating in the mid-infrared spectral range is designed and deposited on fiber facets using the
electron-beam evaporation method. The selection of five alternate layers of Ge and CaFy
leads to mechanical stability and a high reflectivity of 96%, which could be further improved
by reducing the fiber surface roughness and applying the ion-assisted evaporation method.
Theoretical analysis and simulation of Gaussian beam propagation in the Fabry-Perot cavity
show great accordance with the experimental results. Finally, a fiber tunable laser is assem-
bled in tandem with this Fabry-Perot tunable filter. In the same way, a truly mid-infrared
fiber laser could benefit from this Fabry-Perot filter as a building-block component.
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Chapter 4

Tunable bandpass filter from
multimode interference in

chalcogenide fiber

In this chapter, a tunable bandpass filter is demonstrated based on a singlemode-multimode-
singlemode fiber structure made of chalcogenide fibers. A continuous wavelength tunability
>54 nm and a hop wavelength tunability of 84 nm are obtained by mechanical bending. The
first part of chapter covers the theoretical basics of a multimode interference filter. Second,
the fabrication process of chalcogenide multimode fibers with different core diameters is
presented. In the third part, various tuning properties of multimode interference filters are
discussed, as well as design guidelines for a broadly tunable filter suitable for mid-infrared

applications.

4.1 Introduction

As mentioned in chapter 1, the further exploitation in the spectral range of 2 um-12 pm
has led to increasing demand for mid-infrared compatible filters in applications of laser
system, biomedical sensing, and spectroscopy. However, current mid-infrared tunable filters
are mostly based on bulk or micro-electromechanical platforms [66, 67]. Though R. Ahmad
et al. demonstrated a chalcogenide fiber Bragg grating filter [65] and I. C. M. Litter et al.

demonstrated a chalcogenide acousto-optic filter [64], they are band-reject filters working
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in reflection configurations, otherwise a circulator is needed for transmission applications.
The chalcogenide Fabry-Perot bandpass filter presented in chapter 3 undergoes an expensive
and complicated fabrication procedure for dielectric multilayer thin-film coatings. However,
multimode interference (MMI) fiber filter is a type of bandpass filter features with ease of
fabrication and low cost as well as other intrinsic advantages of a fiber platform including
robustness, compactness, good beam quality, and ease of integration with fiber components.

MMI fiber filter is not only used in wavelength-selective systems [92], but also applied
to measure displacement, temperature, and refractive index [93-95]. A conventional MMI
fiber filter consists of a multimode fiber sandwiched between two singlemode fibers while
wavelength tunability is achieved via diverse methods. A. Khattak et al. reported a MMI
filter with a tunability of 9 nm via varying birefringence in the multimode fiber [96]. T.
Walbaum et al. reported a tunability of 14 nm via mechanical bending of the multimode
fiber [97]. J. E. Antonoi-Lopez et al. presented a tunability of 30 nm by adjusting the gap
distance between multimode fiber and singlemode fiber [98]. X. Ma et al. presented a tuning
range of 45 nm by shifting the liquid cladding of a no core fiber [99]. M. A. Fuentes-Fuentes
et al. demonstrated a MMI fiber filter with a liquid core multimode fiber, where a tunability
of 75 nm is obtained by controlling the temperature [100].

However, all previous MMI filters are made of silica fibers, limiting their transparency in
the mid-infrared spectral range. Taking advantage of the transparency windows of chalco-
genide glasses such as AsySes up to a wavelength of 17 wm, mid-infrared compatible MMI
filter could be engineered. For this purpose, P. Wang et al. reported the first chalcogenide
MMI device whose performance was limited by an insertion loss of 20 dB and an extinc-
tion <10 dB [101]. Later, they demonstrated a chalcogenide MMI temperature sensor by
measuring the dip deviation of transmission spectrum [102].

In this chapter, I demonstrate a MMI fiber bandpass filter assembled from As,Ses fibers.
A continuous wavelength tunability >54 nm and a hop wavelength tunability of 84 nm are
obtained via mechanical bending of the multimode fiber. Transverse offsets of the input
and output singlemode fibers, as a new degree of freedom to determine the filter property,
are optimized to maximize the extinction ratio and set a desirable peak wavelength in the
transmission spectrum. The mechanism responsible for MMI is summarized. Furthermore,
MMI filters fabricated by multimode fibers with different core diameters are compared and

discussed, leading to design guidance toward a broad tunability.
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4.2 Theoretical background

4.2.1 Multimode interference

Figure 4.1 shows schematic of a MMI filter assembled with a singlemode-multimode-singlemode
(SMS) fiber structure where core to core lateral offsets are applied at the input and output
interfaces between singlemode fiber (SMF) and multimode fiber (MMF). Light propagat-
ing from input SMF is coupled to the MMF, exciting a set of eigenmodes at the interface,
with their excitation coefficients determined by the input SMF diameter, MMF parameters
(diameter and refractive index distribution), and the core to core offset position. Then,
propagation of all guided modes along MMF gives rise to constructive interference and re-

production of the input light filed, known as self-imaging [103], at the position z following

(ﬁo,l - 6n,m) sz =2m- p (41)

where (3, ,, is the propagation constant of LP, ,, mode in the MMF, z is the propagation

axis, and p is an integer indicating periodical self-imaging phenomena along MMF.

p

J

SMF MME

Fig. 4.1 Schematic of a multimode interference filter consisting of singlemode-
multimode-singlemode fiber structure with lateral core to core offsets at both

input and output interfaces between singlemode fiber and multimode fiber.

As mentioned in chapter 1, LP,, ,,, modes are good approximations in a weekly guiding
multimode fiber, where n and m are indices of the azimuthal and radial components, re-
spectively. The field profile inside the MMF is expressed by the superposition of all excited
guided modes [104]

Eyip(r,0, 2) = o702 Z Zo(m ) (4.2)

—N m=1
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where C’Sﬁ and F, ,,,(r, 0) are excitation coefficient and field distribution of the LP,, ,,, mode,
respectively. The total number of azimuthal and radial modes are termed as 2N + 1 and M.

The excitation coeflicient CY(LH;,)L is calculated through the field overlap integrals

|f fo ESMF r—dy,0) - F,;*’m(r, 0) - rdrdd)|
fo |Fom (7, 0)]? - rdrdd

Cin

n,m

(4.3)

where FEgyr is the field profile of fundamental mode in SMF and d; is the lateral offset
between input SMF and MMF. The transmission Tz(om) is expressed as

_ o™ S~ Baraai(r, 0, 2) Egyp(r — dg) - rdrd6]?
fo |ESMF(7“ 9 |2 rdrd@ - f fooo |EMMF(73 9)7 Z|2 - rdrdf

L (4.4)
with dy the lateral offset between output SMF and MMF.

According to Eq. 4.1, if all guided modes in the MMF are in phase, a perfect reproduc-
tion of the input field is obtained, leading to 100% of power transmittance neglecting the
material loss. However, the propagation constants have no multiple relationships between
each other, resulting in phase differences slightly deviating from multiples of 27. Then, a
quasi-reproduction with a transmittance <1 is achieved as long as the dominant modes are
in phase. As the MMF core diameter increases, the quasi-reproduction quality decreases
because more modes are excited.

It is straightforward that (8o1 — B.m) varies at different wavelengths, leading to a
wavelength-dependent power transmission function. Therefore, a spectral filter is constructed
based on MMI effect where the peak transmission wavelengths are determined by the relative
power and phase relationship among guided modes as well as the MMF' length. Transverse
offsets of the input and output SMF's provide a new degree of freedom to tune the excitation
and coupling coefficients of the MMI filter.

At first, only LP ,,, modes are excited without offset between input SMF and MMF. The
propagation constant [ ,, is approximated by [105]

1\* =2
m~ koneo — [ 2m — = | — 4.5
fo, ort ( " 2) 8koNeo? (4.5)

leading to
(2m —2)2m + )7

16nc,a?

(Box — Bom) - 2 = “As 2 (4.6)
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where ng, is the refractive index in fiber core, a is the radius of fiber core, and A, is the
peak transmission wavelength. Substituting Eq. 4.6 into Eq. 4.1, the self-imaging length is

obtained as [106]

L — 16n.0a° ‘
As

A precise length of MMF within an accuracy of 100 um is required for a given peak transmis-

(4.7)

sion wavelength [104]. With a slightly increased AL, the peak wavelength is shifted toward

shorter wavelength, expressed as
AN AL

)\S LS
When offsets are introduced at both input and output interfaces between SMFs and

(4.8)

MMF, additional insertion loss might be induced. However, the transmission spectrum,
including peak wavelength, extinction ratio, and free spectral range, can also be adjusted.
The tolerance of MMF length is no longer as strict as before, leading to flexibility in the
design of a MMI filter.

4.2.2 Spatial frequency spectrum

At the end of MMF, where z = L, the phase term in Eq. 4.2 is expressed as

o~ iBnm=Po)L _ —IABL (4.9)

where Af is the difference between propagation constants. Applying a first-order Taylor

series expansion leads to [107]

_ 2 LAneg N 2 LAn.g 2 LANg

AP A Ao A2

(A= Xp) (4.10)

with Aneg the difference of effective refractive index at the reference wavelength A\, of the
Taylor series. The first term in Eq. 4.10 is a constant for a specific pair of modes. The second
term of Eq. 4.10 leads to the definition of spatial frequency & = L%\Zeﬁ, while & = 0 refers to
the fundamental mode. Thus, application of a Fourier transforma’:ion on the transmission

spectrum of MMI filter leads to a spatial frequency spectrum, which is widely used to pick

out the mode components in the multimode interference spectrum.
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4.2.3 Mechanical bending of multimode fiber

As reported, wavelength tuning of the MMI filter is attained by mechanically bending the
MMEF. The refractive index distribution in a MMF then becomes asymmetric due to the

induced curvature and stress-optic effect. The modified refractive index distribution is gov-

erned by [108, 109]
n=n- (1—i— Riﬁ) (4.11)

where n is the material refractive index, x is the transverse location with positive value at

the outer side of bend, and R.g is the equivalent bend radius induced by the stress, expressed

as [108, 109]
R

Reff - n2
1-— 7[P12 — U(PM + Plg)]

(4.12)

with R the real bend radius. v is the Poisson’s ratio and P;;, P are the material photoe-
lastic tensor. The modified refractive index leads to varied propagation constants of guided
modes in the MMF, as well as varied power transmission at each wavelength. Therefore, the
transmission spectrum of MMI filter undergoes a shift, acting as a tunable filter.

Assuming the MMF bends circularly, the displacement is related to the curvature through

sin (&) _Lo—As (4.13)

a triangle relationship

2R 2R
where L is the length of a straight support beam with MMF attached to it, As is the transla-

tion displacement, and R is the curvature radius. Application of a polynomial approximation
for small values of the sine function leads to
Lg Lg

- (4.14)

As ~
¥ oUIR? T 1920R*

Figure 4.2 shows the relationship between curvature and displacement, where the mea-
sured result accords with the theoretical analysis of Eq. 4.14. MMF with a large core diameter
is more sensitive to the bending as a result of more perturbed modes and more intermodal

conversion among the guided modes of MMF'.
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Fig. 4.2 Theoretical and measured relationship between curvature and dis-

placement

According to the complexity of analysis regarding a bent MMI filter with lateral offsets of
both input and output SMF's, simulation methods are often used to calculate the transmission
spectrum as an assistant in designing of a MMI filter. Typical simulation methods include

guided mode propagation analysis and wide-angle beam propagation method.

4.3 Fabrication

In this work, a number of MMI filters have been fabricated for comparison following the
structure in figure 4.1. The input and output fiber segments adopt identical chalcogenide
(AsySes) singlemode fibers with a NA = 0.12. Mid-infrared compatible MMI filter is assem-
bled by a chalcogenide (AsySes) step-index MMF with a NA = 0.2, a core diameter of 22 pm,
and a cladding diameter of 170 wm. To vary the core diameter of MMF, the rest of MMI
filters are assembled by three-layer step-index MMF's consisting of an AssSes core, a cyclo
olefin polymer (COP) cladding, and a polymethyl methacrylate (PMMA) protective coating.
Figure 4.3 shows the schematic of setup for tapering chalcogenide fibers. One end of the fiber
is fixed, and the other end is pulled at a controlled speed, while a heater is scanning along
the fiber. The detailed fabrication procedure described by L. Li et al. is followed to taper
the three-layer MMF [110], resulting in AsySes core diameters of 30 wm, 34 um, 40 um, and

58 um, where the diameter of COP cladding is four times of the corresponding core diame-
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+«—— PMMA coating

—— COP cladding
— As2Ses core

Heater

A $pull

Fig. 4.3 Schematic of setup for tapering the chalcogenide fiber with a COP
cladding and a PMMA protective coating. One end of the fiber is fixed, and

the other end is pulled at a controlled speed, while a heater is scanning along
the fiber.

ter. The COP has a transparency window up to 2.2 um, resulting in MMF's not compatible
to the mid-infrared spectral range. However, COP-cladded MMFs are conveniently tapered
down to desirable core diameters that could be measured through a microscope, making it
suitable for comparison among MMI filters with different core diameters.

SMFs are aligned to MMF with core to core lateral offsets at both input and output
interfaces, where the offset positions are optimized by simultaneously monitoring the trans-
mission spectrum during the alignment. To make the alignment and optimization easier, the
input SMF is first aligned to the MMF via a 5-axes translation/rotation stage. The output
beam from MMF is checked using a camera, where a clear core region at the MMF facet can
be seen if the light is injected into the MMF fiber core. Then the output SMF is aligned
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to the MMF using another 5-axes translation/rotation stage. A power meter connected to
the output SMF indicates the output coupling efficiency. After the rough alignment of SMS
fiber structure, the output SMF is connected to an OSA, where the transmission spectrum
is obtained. Then, the offsets at both input and output SMF-MMF interfaces are finely op-
timized by observing the real-time transmission spectrum, until reaching a desirable target.
Finally, the mechanical stability at fiber to fiber connections are ensured by UV epoxies.
Because of the thermal expansion of UV epoxy, the transmission spectrum will shift during
the UV light curing process. The following procedure should be applied to overcome this
problem. First, applying a small amount of epoxies at both joint points between SMF's and
MMF. After the first UV light curing period, applying more epoxies to both joint points,
following a second UV light curing period. Then, the SMS fiber structure is connected while

maintaining the transmission spectrum.

4.4 Experimental characterization

Figure 4.4 shows the schematic of setup to measure the transmission spectrum and tunabil-
ity of a MMI filter. A supercontinuum source emits light with a broadband spectrum that
is coupled to a MMI filter. An optical spectrum analyzer detects the transmission spec-
trum at the output. The MMI filter is attached on a flexible support beam which is bent
under compression via the translation stages. The bending curvature in response to the
displacement is calculated by Eq. 4.14. As a result, the spectral characterization in a range
of 1600 nm-2100 nm is demonstrated.

MMI filter Translation stage

Supportbeam

As =

Fig. 4.4 Schematic of the setup to characterize and bend the MMI filter. SC:
supercontinuum source. OSA: optical spectrum analyzer. MMI: multimode

interference.

Figure 4.5 shows the transmission spectra of MMI filters with various MMF lengths.
These samples are assembled by an AssSe; MMF with a core diameter of 22 um, while the
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length is arbitrarily cut to 104 mm, 69 mm, and 23 mm for comparison. The offset at the
input SMF-MMF interface is introduced and fixed, while the offset at the output SMF-MMF
interface is adjusted to minimize the insertion loss to a level <3 dB. A free spectral range
(FSR) of 50 nm, 78 nm, and 218 nm is obtained corresponding to a MMF length of 104 mm,
69 mm, and 23 mm, respectively. The FSR and 3-dB bandwidth decrease as the MMF length
increases, acting similarly in the aligned condition without lateral offsets. In contrast, the

extinction ratio is increased to 17 dB benefiting from the lateral offsets.
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Fig. 4.5 Transmission spectra of MMI filters with various MMF lengths. The
AsoSes core/cladding diameters are 22 um/170 um. The lengths are 23 mm,

69 mm, and 104 mm, respectively.

After the MMF length is determined, the transmission spectrum is still adjustable in a
wide range by tuning the core to core transverse offsets at the input and output SMF-MMF
interfaces. Figure 4.6a shows the measured transmission spectrum of a MMI filter that
is aligned without offset. The corresponding spatial frequency spectrum is calculated and
presented by applying a fast Fourier transformation on the optical transmission spectrum.
The MMF embedded in this MMI filter has a length of 67 mm and a core diameter of 40 um.
In this aligned condition, an insertion loss <3 dB, an extinction ratio of 4 dB, and a FSR
of 30 nm are obtained. The spatial frequency spectrum has a dominant peak at & = 0,

revealing that the fundamental mode in the MMF carries the dominant power while only a
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Fig. 4.6 Transmission spectra and spatial frequency spectra of MMI filters
in (a) aligned condition, (b) offset condition 1, (c) offset condition 2, and (d)
offset condition 3. The MMF used in these samples has a length of 67 mm and
a core diameter of 40 um.

small portion of the energy is distributed in higher-order modes. The large power differences

between LP(; mode and LP,, ,, modes lead to an indistinctive interference pattern as shown
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in the optical transmission spectrum. Figure 4.6b-4.6d show the transmission spectra and
associated spatial frequency spectra of MMI filters that are assembled by the identical MMF
with a length of 67 mm and a core diameter of 40 um, but aligned with various core to
core lateral offsets at both input and output SMF-MMF interfaces. The exact value of offset
position is not measured but within a range of the MMF core region. When the insertion
loss is kept <3 dB, an extinction ratio >17 dB and a FSR >110 nm are obtained under
different offset conditions. The variations of peak transmission wavelength and peak shape
are distinguishable compared to Figure 4.6a. The spatial frequency spectra indicate that
several modes preserve more equivalent power, leading to a strong interference pattern. It
is concluded that offsets of the input and output SMF's provide a new degree of freedom to
determine the characteristics of a MMI filter, which result in various transmission spectra in
contrast to the aligned case without offset.

Figure 4.7 shows the transmission spectra of a MMI filter when the input SMF is trans-
versely tuned and the output SMF is fixed at an offset position. The MMF used in this

sample has a length of 74 mm and a core diameter of 34 um. As the transverse offset at

Tranmission [dB]

_25 I 1

1850 1875 1900 1925 1950
Wavelength [nm]
Fig. 4.7 Transmission spectra of the MMI filter with different transverse off-

sets at the input SMF-MMF interface. The MMF used in this sample has a
length of 74 mm and a core diameter of 34 pum.
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the input SMF-MMF interface is tuned from +4 pm to —8 pum, the peak transmission wave-
length is continuously shifted from 1900 nm to 1910 nm, leading to a wavelength tunability
of 10 nm. Instead, if the input SMF is fixed, the transverse tuning of output SMF also leads
to a similar spectrum shift. Consequently, the length of MMF is no longer precisely enforced
because the offset provides a flexible way to determine the peak transmission wavelength of
a MMI filter.

A combination of figure 4.6 and figure 4.7 shows that the peak transmission wavelength
of a MMI filter is not only adjustable in a broad wavelength range, but also continuously
tunable in a small wavelength range, by varying core to core transverse offsets at the SMF-
MMEF interfaces. The impact of offsets as a new degree of freedom in the design of a MMI
filter is demonstrated. All possible relations between offsets and transmission spectra should
be investigated using the simulation method regarding a specific MMF.

When offsets of both input and output SMFs are optimized to get a small insertion loss, a
large extinction ratio, a desirable peak transmission wavelength, and a suitable free spectral
range, they are fixed using UV-cured epoxies to ensure the mechanical stability. Wavelength
tuning of a MMI filter is achieved by a translation stage to bend the MMF as shown in
Figure 4.4. The tuning property is not only affected by the offset condition but also related
to the core diameter of MMF. Regarding MMI filters with various offset conditions and
core diameters, two primary wavelength tuning properties are obtained. The first type is a
continuous tuning process, where single transmission peak shifts continuously toward shorter
wavelength and then decays. The second type is termed as a hop tuning process, where an
initial transmission peak shifts toward shorter wavelength, and then hop a wavelength gap.
Meanwhile, another peak at longer wavelength arises and shifts continuously to the initial
peak wavelength. Thus, the total single wavelength operation range is expanded.

Figure 4.8 and figure 4.9 shows the first type of continuous tuning characteristics by
mechanical bending. The MMI filter presented in figure 4.8 has a MMF with a length of
60 mm and a core diameter of 34 um. The peak transmission wavelength shifts continuously
from 1954 nm to 1902 nm accompanying a decay of 5 dB. Figure 4.8a is plotted on a
logarithmic scale in order to observe the extinction ratio. The extinction ratio decreases
from 17 dB to 8 dB during the tuning process due to intermodal power exchange. The 3-dB
bandwidth of the MMI filter varies between 24 nm and 38 nm during the tuning process.
Figure 4.8b shows the detailed relationship between peak wavelength and displacement of

the translation stage, where the transmission is color-coded on a linear scale, leading to a
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clear wavelength tunability of 52 nm.

-5
o
S, \
c -10
o
B
L
€ 15
©
= — As=0mm
—— As=7mm
201 As=10mm i
—— As=14mm
— As=19mm
_25 L L
1850 1900 1950 2000 2050
Wavelength [nm]
(b) Transmission intensity
05
=20
g 0.4
n
15
a 03
[
()
(]E_) 10 0.2
O
©
& 5 0.1
)
0 0
1850 1900 1950 2000 2050

Wavelength [nm]

Fig. 4.8 (a) Transmission spectra of the MMI filter under various bending
condition. (b) The intensities of transmission spectra are color-coded on a
linear scale. The MMF used in this sample has a length of 60 mm and a core
diameter of 34 um.

The MMI filter presented in figure 4.9 has a MMF with a length of 37 mm and a core
diameter of 34 um. Similarly, Figure 4.9a shows that the peak wavelength continuously shifts
from 1768 nm to 1712 nm with a decay of 0.5 dB by bending the MMF. The extinction ratio
decreases from 27 dB to 10 dB in response to the bending of MMF. Figure 4.9b clearly
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shows a continuous wavelength tunability of 56 nm. The 3-dB bandwidth of this MMI filter
varies from 29 nm to 41 nm during the tuning process. The comparison between two MMI
filters reveals that it could reach similar wavelength tunability at different MMF lengths at
certain offset condition, while the deformation of peak shape during the tuning process is

affected by the offset condition. In the case with less random intermodal conversion induced
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Fig. 4.9 (a) Transmission spectra of the MMI filter under various bending
condition. (b) The intensities of transmission spectra are color-coded on a
linear scale. The MMF used in this sample has a length of 37 mm and a core
diameter of 34 um.
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by curvature, the peak shape is more immutable, leading to a smooth tuning process.
Figure 4.10 and figure 4.11 show the second type of hop tuning characteristics via me-
chanical bending. The MMI filter presented in figure 4.10 has a MMF with a length of
67 mm and a core diameter of 40 um. Figure 4.10a is plotted on a logarithmic scale where
the transmission peak is located initially at a wavelength of 1952 nm. In the first period, the
peak wavelength shifts continuously from 1952 nm to 1926 nm, and then hop to 1890 nm.

At the same time, another peak emerges at a wavelength of 2010 nm. In the second period,
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Fig. 4.10 (a) Transmission spectra of the MMI filter under various bending
condition. (b) The intensities of transmission spectra are color-coded on a linear
scale. The MMF used in this sample has a length of 67 mm and a core diameter
of 40 um. Offsets could affect the FSR.
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the peak wavelength shifts continuously from 2010 nm to 1952 nm. Totally, the two con-
tinuous tuning ranges of 26 nm and 58 nm lead to a single wavelength operation covering
1926 nm-2010 nm, defined as a hop wavelength tunability of 84 nm. The insertion loss and
extinction ratio only fluctuate in a small range of 2 dB. The 3-dB bandwidth varies from
26 nm to 68 nm during the tuning process. Figure 4.10b shows the detailed relationship
between peak wavelength and displacement of the translation stage, where the transmission
intensities are color-coded on a linear scale.

The MMI filter presented in figure 4.11 has a MMF with a length of 78 mm and a core
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Fig. 4.11 (a) Transmission spectra of the MMI filter under various bending
condition. (b) The intensities of transmission spectra are color-coded on a linear
scale. The MMF used in this sample has a length of 78 mm and a core diameter
of 30 wm. Offsets could affect the FSR.
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diameter of 30 um. The MMF has a smaller core diameter, less offset, and longer length
than the previous one, leading to a narrower FSR. Similarly, in the first period, the peak
wavelength shifts continuously from 1876 nm to 1864 nm, and then hop to 1852 nm. In
the second period, the peak wavelength at 1884 nm shifts continuously to 1876 nm. A hop
tunability of 20 nm is obtained, covering the wavelength range of 1864 nm-1884 nm. The
insertion loss and extinction ratio also vary in a small range. The MMI filter has a 3-dB
bandwidth between 10 nm and 13 nm during the tuning process. The comparison among all
previous MMI filters indicates that offsets play an important role in determining the tuning
characteristics.

Figure 4.12a shows the relationship between peak wavelength and displacement of a MMI
filter that is assembled by a MMF with a length of 78 mm and a core diameter of 58 pm.
A continuous wavelength tunability of 16 nm and a 3-dB bandwidth between 23 nm and
33 nm during the tuning process are obtained. The transmission peak is more sensitive to
the bending curvature because more modes come into interaction, resulting in a fast decay
of the transmission peak. Therefore, the continuous tunability is limited by the random
intermodal conversion, which is prominent in a relatively large core MMF. In contrast,
figure 4.12b shows the tuning characteristic of a MMI filter consisting of a MMF with a
length of 104 mm and a core diameter of 22 um. This MMI filter has a 3-dB bandwidth
between 24 nm and 26 nm during the tuning process and an extinction >27 dB. The peak
transmission wavelength shifts continuously from 1867 nm to 1813 nm with a decay of 2 dB.
A tunability of 54 nm is demonstrated, limited by the FSR in this case. It is concluded that
a MMF with a relatively small core diameter, referred as a few-mode MMF, usually leads to
a MMI filter possessing a broad and continuous wavelength tunability.

Table 4.1 lists the properties of corresponding MMI filters presented in this chapter. The
comparison among all MMI filters leads to following conclusions: (1) a long length of MMF
leads to narrow bandwidth and small FSR which might limit the wavelength tunability,
but has little effect on the tuning type; (2) offsets at both input and output SMF-MMF
interfaces determine the excitation and coupling efficiencies of guided modes, benefiting for
large extinction ratio, as well as relating to peak transmission wavelength, FSR, insertion
loss, bandwidth, and tunability; (3) random intermodal conversion is responsible for the peak
decay during bending, where a large core MMF with more excited modes usually has a narrow
tunability, but a few-mode MMF ensures a broad and smooth tunability; (4) a hop tunability

expands the single wavelength operation range. (5) In reality, angular misalignment and fiber
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Fig. 4.12 Relationship between the transmission spectrum and translation
displacement using (a) MMF with a length of 78 mm and a core diameter of
58 wm and (b) MMF with a length of 104 mm and a core diameter of 22 pm.
Offsets could affect the FSR.

birefringence might also cause difference between simulation and experiment.

Table 4.1 Parameters of MMI filters

MME . Core diameter MMF length Bandwidth Tunability

core/cladding

aterials (pm) (mm) (nm) (nm)
AsySes /AsySes 22 104 24-26 54
AsySe3 /COP 30 78 10-13 1248
AssSe3 /COP 34 60 24-38 52
AsySes /COP 34 37 29-41 56
AsySes /COP 40 67 26-68 26458

AsySes /COP 58 78 23-33 16
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4.5 Simulation

Since the few-mode chalcogenide MMF has demonstrated a continuous and broad wavelength

tunability, simulation is made to explore possible influence of the offsets at both input and
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Fig. 4.13 (a)-(c) A MMF with a length of 100 mm and a core diameter of
20 pm. Input offset is (a) 0 pm, (b) +2 pm, and (c¢) +10 pm. (d)-(f) A MMF
with a length of 50 mm and a core diameter of 20 pm. Input offset is (a) 0 pm,
(b) 42 pm, and (c) +6 pm.
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output SMF-MMF interfaces. Figure 4.13a-4.13c show the transmission spectra of MMI
filter using a MMF with a length of 100 mm and a core diameter of 20 wm. The input offsets
are fixed at 0 um, +2 wm, and +10 um, respectively, while the output offsets are varied
from —10 wm to +10 um. Figure 4.13d-4.13f show the transmission spectra of MMI filter
using a MMF' at a shorter length of 50 mm. The input offset are fixed at 0 pum, +2 pum,
and +6 wm. The transmission is color-coded at various offset conditions. It is noted that
the peak transmission wavelength could be designed at more positions by optimizing the
offsets than the case without any offset. Specifically, at certain offset condition, the peak

transmission wavelength could be tuned in a small range by only varying one offset.

4.6 Summary

In summary, I have demonstrated the first chalcogenide MMI tunable filter consisting of an
AsySes SMS fiber structure. The theoretical analysis of MMI effect and the relationship
between bending curvature and translation displacement are presented. Transverse core to
core offsets at the input and output SMF-MMF interfaces are introduced as a new degree
of freedom in designing the transmission spectrum of a MMI filter. The spatial frequency
spectrum is calculated to extract the mode contribution from the transmission spectrum.
Wavelength tuning is achieved by bending the MMF, while the tuning characteristics are
compared and discussed concerning fiber parameters and offset conditions. A MMI filter
with a continuous wavelength tunability >54 nm, an insertion loss <3 dB, an extinction
ratio >17 dB, and a 3-dB bandwidth around 25 nm are obtained benefiting from a few-mode
MMF. It is noteworthy that the central wavelength of this MMI filter could be customized
at any position in the mid-infrared spectral range, leading to a simple, stable, and low-cost
mid-infrared fiber tunable filter, as a promising building-block for diverse applications in the

mid-infrared spectral range.
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Chapter 5

All-fiber saturable absorber using
nonlinear multimode interference in

chalcogenide glass

In this chapter, the first chalcogenide fiber saturable absorber is demonstrated based on
nonlinear multimode interference in a few-mode chalcogenide fiber. This saturable absorber
also acts simultaneously as a wavelength bandpass filter in a resonant cavity. First, a the-
oretical analysis of nonlinear multimode interference is summarized. Then, the saturable
absorber is characterized with a modulation depth of 10% and a peak saturation intensity
<55 MW /cm?. Finally, a thulium fiber laser is passively triggered into a pulsed regime by
inserting this saturable absorber in the laser cavity, leading to mode-locking in a tunable
wavelength range of 1834 nm to 1895 nm. Pulse trains with conventional single pulse pattern
and resembling pulse pattern are presented and discussed. The chalcogenide fiber saturable

absorber shows great potential as a building-block for mid-infrared mode-locked fiber lasers.

5.1 Introduction

Over the past decades, pulsed laser sources have gained great attraction for technological and
scientific applications such as material ablation [19], welding [111], LIDAR detection [112],
optical communication [113], molecular spectroscopy [114], wavelength conversion [115], su-

percontinuum generation [116], and medical surgery [117]. The output wavelengths of pulsed
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lasers have now extended to mid-infrared spectral range for the rising demand of mid-infrared
applications. Saturable absorbers play a pivotal role in passively triggering pulses in a
laser cavity. Examples of mid-infrared compatible saturable absorbers (SAs) include GaSb-
based semiconductor mirror [118], low dimensional materials such as carbon nanotube [119],
graphene [120], and black phosphorus [121]. Besides, techniques based on Kerr-effect are in-
creasingly used as equivalent SAs including nonlinear polarization rotation [122], nonlinear
amplifying loop mirror [123], and nonlinear mode coupling [124]. The Kerr-effect SA has a
fast recovery time at femtosecond level. The recovery time of the SA has little influence on
the pulse duration when the pulse is balanced by dispersion and nonlinearity in an anomalous
dispersion cavity. However, it might affect the pulse duration at other conditions especially
in a normal dispersion cavity [125]. Though the slow SA is more suitable for self-starting
mode-locking, it could generate asymmetry pulses. The fast SA is more stable against pulse
breaking [126].

Recently, incorporating fiber platform, all-fiber SAs based on nonlinear multimode in-
terference have been demonstrated with fast response time, simple structure, and dura-
bility, while the operation wavelength covering the whole transparency window of silica
glass. In 2013, E. Nazemosadat et al. proposed theoretical analysis and simulation results
of a saturable absorber consisting of a graded-index multimode fiber (GIMF) [127]. Since
then, J. Chen et al. demonstrated a mode-locked linear-cavity fiber laser with a GIMF
based SA [128], H. Jiang et al. demonstrated a mode-locked thulium fiber laser with a
tapered-GIMF SA [129], T. Chen et al. reported a SA made of a step-index multimode fiber
(SIMF) [130], and D. Z. Mohammed et al. used a large diameter no core fiber (NCF) as
a SA [131]. For these SAs, the saturable absorption wavelength depends on the length of
MMF, which should be precisely determined to satisfy the demand.

Various hybrid structures have been proposed to overcome the stringent restriction of
MMF length. Z. Wang et al. reported a stretched GIMF as a SA, which provides a way to
control the length of GIMF [132]. H. Li et al. presented a SIMF-GIMF fiber structure as a
SA, where the mode excitation condition is adjustable by bending the SIMF [133]. Similarly,
T. Zhu et al. adopted a NCF-GIMF fiber structure for flexible saturable absorption [134].
F. Yang et al. presented a SA assembled by a micro-cavity based GIMF [135]. Z. Dong et
al. demonstrated a mode-locked fiber laser with a SA constructed by offset splicing between
two GIMF's [136]. Even though MMI SAs are based on silica fibers that limit their operation

wavelength to 2.4 um, a vast range of mode-locking regimes have been explored using these
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SAs such as the generation of soliton, bound soliton, stretched pulse, square-wave pulse,
noise-like pulse, and harmonic mode-locking [134-138].

As an alternative solution for applications in the mid-infrared spectral range, chalcogenide
glass offers attractive features as mentioned in chapter 1, leading to a transparency window
up to 17 um (AseSes), a nonlinearity ~1000 times higher than silica glass [30], and a high
damage threshold of 3 GW/cm? [55]. In the previous chapter, an all-fiber chalcogenide
bandpass filter based on the linear multimode interference effect has been demonstrated.
Here, the multimode interference device is further investigated in a nonlinear regime, leading
to the demonstration of first chalcogenide fiber SA. It also acts as a tunable bandpass filter
simultaneously. A mode-locked fiber laser is passively triggered by inserting this SA into
a fiber ring cavity. Both conventional single pulse pattern and resembling pulse pattern
are discussed with variable pulse separations. The oscillation wavelength is tunable from
1834 nm to 1895 nm by bending the few-mode chalcogenide SIMF.

5.2 Theoretical analysis

As mentioned in chapter 4, light coupled from SMF to the MMF is decomposed into a set of
eigenmodes as expressed in Eq. 4.2, where the amplitude of each mode is assumed constant
during the propagation. However, in the nonlinear regime, power exchange between modes
arises from intermodal nonlinearity, leading to an assumption of a slowly varying amplitude.

Light filed as a superposition of all modes is expressed as

E(r,w) = ZFm(x,y,w)gm(z,w)e’iﬁm(“)z (5.1)

where F,, is the field profile, (,, is the propagation constant, and A,, is the amplitude of a
specific mode labeled as index m. Following the analysis of Helmholtz equation, Eq. 2.18 is

rewritten as

2 2 2
nw* ~ w
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where Py, is the third-order nonlinear polarization in terms of in Eq. 2.14. Substituting

Eq. 5.1 into Eq. 5.2 and neglecting second derivative of gm(z,w) lead to [69]

w2

dA | -
i —m o Bmw)r X
Em 2i5,, o Fo(x,y,w)-e = ol Pai, (5.3)
Multiplying Eq. 5.3 with F, integrating over the transverse plane, and applying the orthog-

onal nature of eigenmodes, the mode amplitude is obtained as [69]

OA,, B —iw?efm@z [P (1 gy, w) - ]SNdedy
0z 2606w [ Fr(z,y,w) - Fu(z,y,w)dzdy

(5.4)

After converting Eq. 5.4 back into the time domain, expanding f3,,(w) in a Taylor series
around the carrier frequency wy, substituting the expression of Py, and neglecting Raman
effect, Eq. 5.4 is modified as [69]
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where m, n, p, and ¢ are the indices of modes, and
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Tmnpg = co [ Er (@, y)Fo(z,y)dady

Typically, Eq. 5.5 is known as the generalized multimode nonlinear Schrodinger equation,
solved through numerical simulation such as the split-step Fourier method.

Analytically, when input power is relatively low, the MMI device acts as a bandpass
filter due to wavelength-dependent self-imaging lengths where only dispersion effect domi-
nates. Under the influence of increasing input power, the propagation constant of each mode
varies in response to self-phase modulation and cross-phase modulation effects, shifting the
transmission spectrum. Consequently, the MMI device experiences a higher transmittance at
some wavelengths, manifesting itself as a SA [127]. At an intermediate high input power, the
intermodal four-wave mixing effect rises and dominates, leading to power conversion among

different modes in the MMF. Energy transfers from high-order modes to the fundamental
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mode, leading to self-focusing effect [139]. Therefore, extinction ratio of the transmission
spectrum decreases, resulting in saturable absorption at more wavelengths [127]. Differ-
ent modes are self-trapped with each other when the intermodal nonlinearity compensates
the diffraction, leading to a temporally localized energy packet. When transverse offset is
introduced at the interface between input SMF and MMF, the pulse packet undergoes a
zigzag propagation path in MMF [140]. At a sufficient high input power, the intermodal
nonlinearity overwhelms the dispersion effect, leading to temporally and spatially locking
among guided modes so that the propagation path becomes independent of the MMF struc-
ture [140]. As a result, the transmission spectrum of MMI device becomes almost flat where
the extinction ratio is close to zero [127]. Insertion loss might also decrease at high input
power due to an enhanced coupling at the interface between MMF and output SMF. Thus,

saturable absorption is obtained at any wavelength.

5.3 Fabrication

Figure 5.1 shows the schematic of a MMI SA consisting of a singlemode-multimode-singlemode
fiber structure. Both input and output silica SMFs have a core diameter of 8 um and a nu-
merical aperture NA=0.14. The AsySes step-index MMF has a core diameter of 18 um and
a NA=0.22. Transverse core to core offsets at both input and output SMF-MMF interfaces
are adjusted via two 5-axes translation stages and optimized by simultaneously observing
the transmission spectrum until reaching a desirable peak transmission wavelength, a low
insertion loss, an acceptable extinction ratio, and a suitable free spectral range. Then the
fiber to fiber connections are fixed by the UV-cured epoxy following a procedure described

in chapter 4, ensuring the mechanical stability.

SMF MMF SMF

Fig. 5.1 Schematic of a multimode interference saturable absorber.

A number of MMI SAs have been fabricated with arbitrary MMF lengths and different
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offset conditions, leading to various linear transmission spectra. SA;, SAy, and SA3 have a

MMF length of 52.5 mm, 65 mm, and 60 mm, respectively.

5.4 Experimental characterization of saturable absorber

Figure 5.2 shows the measured linear transmission spectra of these MMI SAs. SA; exhibits an
insertion loss of 2.4 dB, an extinction ratio of 4.5 dB, and a FSR of 39 nm. The transmission
spectrum shifts toward short wavelength via bending the MMF. SA, shows an insertion loss
of 4.4 dB, an extinction ratio >15 dB, and a FSR of 75 nm. SA3 shows an insertion loss of
7.5 dB, an extinction ratio >15 dB, and a FSR of 91 nm. The linear transmission spectrum
is not only adjustable by varying offsets at SMF-MMF interfaces during the fabrication
process, but also tunable by bending the MMF' after fabrication. Therefore, the length of
MMF is no longer crucial for saturable absorption to occur at a specific wavelength. As
mentioned in chapter 4, a broad wavelength tunability is obtained thanks to a few-mode
chalcogenide fiber, leading to much more flexibility in optimizing the MMI SA property

after the fabrication.

Transmission [dB]
o

—— bending SA1

29| —— SA2
——SA3
30 ' ' , :
1800 1850 1900 1950 2000 2050

Wavelength [nm]

Fig. 5.2 Linear transmission spectra of saturable absorbers. These samples
are fabricated with different offset conditions and MMF lengths.
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Fig. 5.3 Schematic of the characterization setup for nonlinear transmission
of saturable absorbers as a function of peak power intensity. VOA: variable
optical attenuator. MMI-SA: multimode interference saturable absorber.

Figure 5.3 shows the schematic of setup to characterize a MMI SA. A mode-locked fiber
laser transmits pulses with a duration of 800 fs, a repetition rate of 30.3 MHz, and a central
wavelength of 1937 nm. A variable optical attenuator is used to control the power into
a MMI SA, which is detected and calculated via a coupler and a power meter. MMI SA
is inserted into the other output arm of the coupler and another power meter detects the
transmitted power.

Figure 5.4 shows the transmission of MMI SAs as a function of input peak intensity.
Saturable absorptions of SA;, SAy, and SA3 are observed and compared at an operational
wavelength of 1937 nm. With the input peak intensity varying in the range of 0-51 MW /cm?,
SA; has a measured modulation depth of 10.0% and SA; in a bent status has a modulation
depth of 4%. SA, exhibits a modulation depth of 8.5% and SA3 shows a modulation depth of
1.0%. Tt is clear that the modulation depths could extend to higher values, given sufficient
high input power. Regarding SA; and SA,, the input central wavelength is located near
a peak wavelength in the linear transmission spectrum, indicating the possibility of a SA
and a tunable bandpass filter simultaneously. SAj has a larger insertion loss compared to
others, making it hard to get large modulation depth in the current input power range. At
the beginning, saturable absorption might not occur at all wavelengths, depending on the
relationship between modes as well as the offset condition. However, as mentioned in section
5.2 self-focusing and self-trapping effects might help trigger the saturable absorption effect
and improve the performance of SAz. Typically, the nonlinear saturable absorption curve is
fitted following a function [141]

T(I) =1 q- e_[/Isat — Gy (57)

where I, is the peak saturation intensity, ¢ is the estimated modulation depth, and a,g is the
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Fig. 5.4 Nonlinear transmission of saturable absorbers as a function of peak
power intensity.

nonsaturable loss. For instance, fitting parameters ¢ = 0.14, I, = 55 MW /cm?, a,,=0.31
are obtained for SA; and ¢ = 0.11, I, = 38 MW /cm?, a,, = 0.55 are obtained for SA,.
The saturation intensity can be further reduced with proper engineering such as increasing
the waveguide nonlinearity or extending the walk-off distance among guided modes. Thus,

a small number of propagating modes in the MMF is beneficial for the design of a SA.

5.5 Experimental characterization of pulsed fiber laser

All previous MMI SAs are capable of triggering mode-locking and generating pulses while
inserted into a fiber laser cavity. A mode-locked laser will establish a stable pulse pattern
under the dynamic balance among cavity gain, loss, nonlinearity, and dispersion [142]. The
output pulse shape is determined by a lot of factors such as modulation depth of SA, ar-
rangement of components in the cavity, cavity dispersion map, pump power, and random
polarization fluctuation. In the following test, a net normal dispersion cavity is assembled
due to its advantage in generating high energy pulses. Figure 5.5 shows the schematic of a

passively mode-locked fiber laser with a ring configuration. A thulium-doped fiber (TDF)
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Fig. 5.5 Schematic of a fiber pulsed laser. EDFA: erbium-doped fiber am-
plifier. WDM: wavelength division multiplexer. TDF: thulium-doped fiber.
UHNA: ultra-high numerical aperture fiber. OSA: optical spectrum analyzer.
PD: photodetector. MMI-SA: multimode interference saturable absorber. Ar-
rows point to SMF-TDF interface and SMF-AssSes interface, which forming a
secondary Fabry-Perot cavity.

with a length of 30 cm is pumped using the amplified spontaneous emission from an erbium-
doped fiber amplifier (EDFA) via a 1550/1900 nm wavelength division multiplexer (WDM).
Polarization-independent isolators impose an unidirectional light propagation in the ring cav-
ity, where the second isolator between WDM and MMI SA is used to suppress the Fresnel
reflection at the SMF-AssSes fiber interface. Otherwise, a secondary cavity is constructed
by the SMF-TDF interface and SMF-As,;Ses interface which are marked by two red arrows.
A polarization controller is used to compensate for the random polarization fluctuation in
the cavity, ensuring the stability of this oscillator. Two ultra-high numerical aperture fiber
spools (UHNA1 and UHNAT), incorporated with the rest silica SMFs, are used to manage
the total cavity dispersion. The UHNA1, UNHA7, and SMF have a dispersion of 40 ps?/km,
42 ps? /km, and —67 ps?/km at a wavelength of 1900 nm, respectively [143, 144]. The fiber
length is 4.0 m for the UHNA1 spool and 27.6 m for the UHNAT spool. The total cavity
length is 48.6 m, including a length of 16.7 m for the rest SMFs, leading to a net normal
dispersion of 0.23 ps?. Taking SA, as an example, it is inserted in the ring cavity closely after
the TDF for high input power. An 80/20 coupler is used to extract light out of the cavity.
The output pulses are characterized by an OSA and a pulse analysis system composed of
a photodetector and an oscilloscope. Figure 5.6 shows the impulse response of the pulse

analysis system, providing a time response of 0.1 ns in rise time, 2.0 ns in fall time, and 0.1
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ns in the deviation of pulse duration, which is observed from the detection of 800 fs optical
pulses. An electrical spectrum analyzer is also connected to the photodetector to obtain a

radio frequency (RF) spectrum.

Mumber Averages = 16

~ Measure

Fig. 5.6 Impulse response of the photodetector and oscilloscope observed
from the detection of 800 fs optical pulses. It has a rise time of 0.1 ns, a fall
time of 2.0 ns, a deviation of 0.1 ns.

The fiber laser first enters into a continuous wave regime after increasing the power of
EDFA (pump) above ~0.65 W. Then, the fiber laser enters into a pulsed regime by simply
increasing the pump power above a threshold of 0.70 W. Since the lasing wavelength is
determined by the combination of thulium gain spectrum and the transmission spectrum of
MMI SA, it is also observed that the pump threshold varies according to the bending state
of MMI SA. Property of the MMI SA is optimized by bending MMF to maximize the pulse
amplitude. The polarization controller is also adjusted to stabilize the output pulse train
and maximize the output power. Figure 5.7a shows the conventional single pulse train at a
pump power of 1.0 W. A pulse separation of 235 ns is obtained, matching the total cavity
length t = nL/cy. Figure 5.7b shows the temporal profile of a single pulse, leading to a pulse
duration of 3.1 ns. Such a broad pulse duration is attributed to low input power into the
SA, which leading to a small effective modulation depth. Figure 5.7c shows the measured

optical spectrum with a peak wavelength at 1876 nm. However, the 3-dB spectral linewidth
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Fig. 5.7 Experimental results of the fiber pulsed laser when using SAs. (a)
Pulse train. (b) Detail of a single pulse. (¢) Optical spectrum with a resolution
of 0.1 nm. (d) Radio frequency spectrum with a resolution of 1 kHz
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mostly reflects the instrument response as it is reaching the OSA resolution limit of 0.1 nm.
Detailed spectrum of the fiber laser is not resolved whereas it indicates a narrow spectral
linewidth. Figure 5.7d shows the RF spectrum of the laser output. A distinct peak at a
frequency of 4.26 MHz is obtained with a signal to noise ratio (SNR) of 37 dB, consistent
with the pulse separation of 235 ns. The SNR is small compared to other mode-locked lasers
whose SNRs are more than 50 dB [128-138], indicating that the fiber cavity is in a weakly
mode-locking status, which can be improved by reducing the total cavity insertion loss and
increasing the pump power.

The mode-locked fiber laser can also operate with a resembling pulse pattern by removing
the second isolator in front of the MMI SA. Compared to the conventional single pulse train
pattern, resembling pulses consist of a group of pulses with an identical pulse shape, while
the whole pulse packet is propagating at a repetition rate corresponding to the total cavity
length [145, 146]. The successive resembling pulse separation is governed by the length of
secondary cavity. In this configuration, a secondary Fabry-Perot cavity is constructed by two
reflectors, which are the interfaces of SMF-As,Ses and SMF-TDF with a reflection coefficient
of 10% and 0.05%, respectively. Figure 5.8a shows the resembling pulse train pattern, where
a dominant pulse separation of 234 ns conforms to the total cavity length of 48.4 m, and a
resembling pulse separation of 32 ns is consistent with the fiber length of 3.31 m between two
reflectors. Figure 5.8b shows the temporal profile of a single pulse where a pulse duration
of 4.4 ns is obtained. Figure 5.8c shows a RF spectrum in a narrow span. A distinct peak
at a frequency of 4.27 MHz and a SNR of 40 dB are obtained, in line with the dominant
pulse separation of 234 ns. The SNR is increased compared to the conventional single pulse
pattern because of the removal of isolator 2 that led to 0.8 dB insertion loss. However, the
pulse duration is slightly increased because the current cavity with net normal dispersion is
dominated by the balance between gain and cavity loss, where the pulse shortening effect of
SA is not prominent. The variation of the pulse shape might not only due to gain depletion
effect of thulium-doped fiber where the leading edge of pulse experiences a higher gain, but
also come from the increased effective modulation depth of SA, leading to suppression of the
low power pulse edge and resulting in a shorter rise time. Figure 5.8d shows a RF spectrum
in a wide span, which also agrees with the Fourier transform spectrum of the resembling
pulse train pattern. The high peak at a frequency of 31 MHz matches the resembling pulse
separation. It is noted that a resembling pulse pattern differs from the Q-switched pulse

pattern. The repetition rate is usually at kHz level and varies with pump power for Q-
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Fig. 5.8 Experimental results of the fiber pulsed laser when using SA5 and
removing isolator 2. (a) Pulse train. (b) Detail of a single pulse. (c) Radio
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switched pulse pattern. However, the repetition rate only depends on the total cavity length
and keeps stable for resembling pulse pattern.

Figure 5.9 shows the relationship between averaged output power and input pump power
of the mode-locked fiber laser with resembling pulses. A pump threshold of 0.65 W is
attributed to the total cavity insertion loss of 11.0 dB at the lasing wavelength, including
0.8 dB from isolator, 0.8 dB from WDM, 1.4 dB from the intra-cavity coupler, 5.0 dB from
MMI SA, and 3.0 dB from UHNA fibers. A power conversion efficiency is 0.8%, resulting
from insufficient utilization of the pump power. The repetition rate of the output pulse
train maintains constant and is independent of the pump power, indicating a mode-locking
process. When the average output power is 5 mW, the corresponding cavity peak power
and peak intensity injected into the MMI SA are 4.75 W and 1.87 MW /cm?, leading to
an effective modulation depth of 0.6%. The effective modulation depth is still significantly
below the saturation intensity of SA, responsible for a broad pulse duration. The pulse
duration would become shorter by reducing the intra-cavity loss and increasing the input

power into the SA. Meanwhile, a pump power threshold is also expected to decrease.
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Fig. 5.9 Relationship between output power and pump power of the fiber
pulsed laser.

Figure 5.10a-5.10c show diverse output pulse train patterns with varying fiber lengths
in the secondary Fabry-Perot cavity. Comparison among them shows the resembling pulse
separation is adjustable by adding different SMF lengths in the Fabry-Perot cavity, leading

to a new way to control the pulse pattern. A resembling pulse separation of 34.7 ns, 42.5 ns,
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and 82.5 ns are obtained by revising the Fabry-Perot cavity length to 3.59 m, 4.40 m, and
8.53 m, respectively. These consistent results, in turn, confirm the formation of Fabry-
Perot cavity arising from Fresnel reflections at the two interfaces. Meanwhile, the dominant
pulse separations of 205 ns, 209 ns, and 229 ns are accordant with corresponding total cavity
lengths of 42.4 m, 43.2 m, and 47.3 m, respectively. Figure 5.10c shows that resembling pulses
from adjacent dominant pulse packets overlap with each other. Therefore, it is possible to
construct various pulse patterns via the ratio between total cavity length and secondary

cavity length.
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Fig. 5.10 Output pulse trains of the fiber pulsed laser with (a) a total cavity
length of 42.4 m and a Fabry-Perot cavity length of 3.59 m, (b) a total cavity
length of 43.2 m and a Fabry-Perot cavity length of 4.40 m, and (c) a total
cavity length of 47.3 m and a Fabry-Perot cavity length of 8.53 m.

A wavelength tunable mode-locked laser is demonstrated by bending the MMI structure,
which acts as a SA and a bandpass filter simultaneously. Figure 5.11 shows transmission

spectra of a tunable mode-locked fiber laser with a resembling pulse pattern. A wavelength
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Fig. 5.11 Spectra of a fiber pulsed laser with a tunability from 1834 nm to
1895 nm.

tunability of 61 nm is obtained, covering 1834 nm-1895 nm. The fiber laser maintains its
output pulse train pattern during the wavelength tuning process, where a continuous and
broad tuning range is ensured by a few-mode chalcogenide fiber.

Figure 5.12a shows a fiber laser cavity with a total cavity length of 15.2 m and a net
cavity dispersion of -0.58 ps? at the anomalous dispersion region. In this case, a short SA
with a length of 14 mm is inserted after the PC and output coupler. Figure 5.12b shows the
spectra of Tm-doped fiber spontaneous emission and SA in the linear condition, resulting
in dual lasing wavelengths. Figure 5.12c and 5.12d are the output pulse patterns under
different polarization states. By optimizing the PC, a good resembling pulse pattern could
be obtained, similar to the case at normal dispersion region.

It is noted that the pulse duration is the balanced result of gain, loss, dispersion, nonlin-
earity, filter, and SA in the laser cavity. Especially in the normal dispersion region, the gain
and loss play a more important role. The amplitude and duration of pulse would vary along
the cavity, unlike the traditional soliton in the anomalous dispersion region which keeps an
unified pulse shape. A simulation of the fiber laser cavity is made following the schematic of
figure 5.5. The effects of PC and WDM are ignored. The assumption of SA is idealized using
Eq. 5.7. By playing with the gain and loss distribution in the cavity, both broad and narrow
pulses are possible to obtain. Though parameters used in simulation are not exactly the same
as that in experiment, the tendency of possible pulse shapes are illustrated. Figure 5.13a
shows the pulse propagation along the fiber cavity. Figure 5.13b and 5.13c¢ show the pulse
in temporal and spectral domain, respectively. In this case, loss of 6 dB is added, and gain

saturation energy is set at a level of 3 nJ. A pulse duration of 3.97 ns and an ultra-narrow
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Fig. 5.12 (a) Setup of a fiber laser with a total cavity length of 15.2 m and a
net cavity dispersion of -0.58 ps2. (b) Spectra of Tm-doped fiber spontaneous
emission, SA, and dual lasing wavelengths. (c) and (d) Output resembling pulse
patterns under different polarization states.

spectral linewidth of 0.001 nm are obtained. Figure 5.14 shows another case where loss is
reduced to 3 dB and gain saturation energy is increased to 10 nJ. A pulse duration of 35.4 ps
and a broad spectral linewidth of 10 nm. Thus, a low loss laser cavity with enough gain

could improve the performance of the current fiber laser, leading to a better pulse condition.
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Fig. 5.13 (a) Pulse propagation along the fiber cavity. (b) Pulse in time
domain. (c) Spectrum of the pulse. SMF: single mode fiber. DCF: dispersion
compensating fiber. SA: saturable absorber. OC: output coupler. There a 3 dB

loss at the chalcogenide fiber and 3 dB loss at the DCF. Gain saturation energy
is 3 nJ.
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Fig. 5.14 (a) Pulse propagation along the fiber cavity. (b) Pulse in time
domain. (c) Spectrum of the pulse. SMF: single mode fiber. DCF: dispersion
compensating fiber. SA: saturable absorber. OC: output coupler. There a 3 dB
loss at the DCF. Gain saturation energy is 10 nJ.

5.6 Summary

In summary, an all-fiber chalcogenide SA is demonstrated for the first time based on a
singlemode-multimode-singlemode fiber structure. Nonlinear multimode interference mech-
anisms for the saturable absorption effect are summarized. The SA has a modulation depth
of 10% and an estimated peak saturation intensity <55 MW /cm?. Transverse core to core

offsets at both input and output SMF-MMF interfaces are introduced to finely adjust linear
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transmission properties such as peak wavelength, FSR, extinction ratio, and insertion loss,
providing a flexible way in the design. As a result, the length of MMF is no longer crucial.
A few-mode chalcogenide MMF is beneficial for a SA as it ensures a broad and continuous
tunability after fabrication. Then, a mode-locked fiber laser is passively triggered by insert-
ing this SA into a laser cavity. Both conventional single pulse and resembling pulse patterns
are presented and discussed. Diverse output pulse patterns are possible taking advantage of
the resembling pulses. Finally, employing the MMI structure as a SA and a tunable band-
pass filter simultaneously, the mode-locked fiber laser demonstrates a continuous wavelength
tunability of 61 nm, covering 1834 nm to 1895 nm. As a building-block compatible with the
mid-infrared spectral range, this chalcogenide fiber SA will create new avenues of research

toward mid-infrared fiber pulsed lasers.



80

Chapter 6

Conclusion and outlook

6.1 Conclusion

In the scope of this thesis, my achievements and novelties toward tunable bandpass filters in
chalcogenide fibers are highlighted, followed by their applications in fiber lasers. The signifi-
cance of mid-infrared spectral range is identified, boosting the demand for chalcogenide fiber
components due to their excellent mid-infrared transparency and high nonlinearity. Along
with theoretical analyses of fiber basics, chapter 3 to 5 address the fabrication procedures
and experimental characterizations. This thesis fulfills the need of mid-infrared tunable fiber
filters as building-block components, paving the way for future integrations and researches.

First, I demonstrate a chalcogenide Fabry-Perot filter with an ultrabroad wavelength
tunability >300 nm. Dielectric materials suitable for the mid-infrared spectral range are
selected and deposited on the AsySs fiber facet via an electron-beam evaporation method,
leading to high reflective thin-film coatings consisting of Ge layers and CaF, layers. A
theoretical model is established to analyze the additional loss due to surface roughness and
diverging Gaussian beam propagation in the Fabry-Perot cavity. As a proof of concept for
potential applications, a tunable fiber laser is assembled, resulting in a continuous wave
regime with a wavelength tunability from 1835 nm to 1920 nm, limited by the thulium gain
bandwidth. This work will further lead to a commercialized mid-infrared tunable fiber filter.

Second, I demonstrate a tunable multimode interference filter based on a few-mode
chalcogenide fiber (AsySes). The filter is assembled by a singlemode-multimode-singlemode
fiber structure, where transverse core to core offsets at both input and output interfaces

are applied as a new degree of freedom in determining the transmission spectrum. After a
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comparison of multimode fibers with various core diameters, guidelines for a broadly tunable
filter are summarized, where a continuous wavelength tunability >54 nm and a hop tunabil-
ity of 84 nm are obtained, surpassing the tunability of same kind of filters. Theoretical
analysis is also provided to support the experimental results. This work provides an appeal-
ing solution for mid-infrared all-fiber tunable filters with ease of fabrication, low cost, and
durability. Further investigation of this multimode interference filter leads to inspirations of
several mid-infrared tunable filters and saturable absorbers with a similar structure.

Third, I demonstrate an all-fiber saturable absorber based on nonlinear multimode inter-
ference in an AsySes few-mode fiber. Generalized multimode nonlinear Schrédinger equation
is introduced to describe the light behavior. Mechanisms responsible for saturable absorp-
tion are qualitatively summarized. Compared to similar kinds of saturable absorbers in silica
fibers, this work proposes lateral core to core offsets at both input and output SMF-MMF
interfaces, overcoming the stringent restriction imposed on the MMF length and providing a
new way to customize the property of saturable absorber. A modulation depth of 10% and
a peak saturation intensity <55 MW /cm? are obtained. This multimode interference sat-
urable absorber acts as a tunable bandpass filter simultaneously by inserting it into a fiber
laser cavity. A mode-locked fiber laser is passively triggered into a pulsed regime with a
wavelength tunability from 1834 nm to 1895 nm while maintaining the output pulse pattern.
In addition to the conventional single pulse pattern, a resembling pulse pattern is obtained,
arising from a secondary Fabry-Perot cavity constructed by Fresnel reflectors, while the suc-
cessive pulse separation is controllable by the length of Fabry-Perot cavity. This work meets
the increasing demand toward a mid-infrared pulsed fiber laser and creates a new avenue to
generate diverse ultrafast pulse patterns.

Among these fiber components, the fiber Fabry-Perot filter is expensive while the coating
fabrication process is also time consuming. It might be difficult to precisely align such two
chalcogenide fibers due to high reflection coatings, where a light source at a low reflection
wavelength of the coating is recommended as an assist. Since the transmission of Fabry-
Perot filter is extremely sensitive to the cavity length, this filter is better packaged to avoid
vibration and prevented from air flow. However, the wavelength tunability of Fabry-Perot is
inherently broad and the design technique of multilayer high reflection coating is matured.
By cleaving the chalcogenide fiber, the surface roughness could be further improved. It
is possible to obtain an extremely high finesse and narrow bandwidth using concave fiber
facets. The MMI fiber filter is cost effective and easy to fabricate. However, the bandwidth is
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broader, and the tuning process is hard to quantify. The interaction among modes, the fiber
birefringence, and the angular misalignment would lead to mismatch between the simulation
and fabrication. Due to the available equipment in the mid-infrared wavelength range, it
is currently difficult to precisely control the peak transmission wavelength without simulta-
neously observing the transmission spectrum. Similarly, though the chalcogenide fiber SA
is compatible to the mid-infrared wavelength range, the lasing wavelength is determined by
the gain medium, the SA, and other cavity conditions. The insertion loss of SA should be
further decreased by “splicing” technique for chalcogenide fibers. The saturable absorption
property at each wavelength should be further explored in regard to the linear transmission

spectrum of SA, providing a guideline for designers.

6.2 Outlook

Following research avenues piloted by works in this thesis, several potential projects are
inspired.

First, performance of a chalcogenide Fabry-Perot filter could be further improved by a
concave Fabry-Perot cavity. Loss coming from the diverging Gaussian beam propagation is
reduced to a minimum value by appropriate cavity curvatures. In contrast to the case in
silica fibers where a concave fiber facet is fabricated by COs laser ablating, the chalcogenide
fiber should be ablated through a femtosecond laser. H. Wang et al. have demonstrated
induced damage on the chalcogenide bulk glass via a femtosecond laser with a wavelength
of 800 nm [147]. I have tested this method and proved it is useful for chalcogenide fibers.
However, a laser ablation setup should be integrated with a light interferometer to simul-
taneously measure the facet profile. Power and beam size focus on the fiber facet should
also be optimized to get an ideal curvature. Meanwhile, the surface roughness of multilayer
thin-film coating could be reduced by an ion-assisted electron-beam evaporation method,
leading to a compact microstructure. Then, the concave chalcogenide Fabry-Perot filter can
be used commercially in the mid-infrared spectral range.

Second, following the idea of multimode interference, a mid-infrared tunable fiber filter
could be fabricated by tapering a singlemode chalcogenide fiber with a nonadiabatic transi-
tion region, leading to power coupling to the cladding modes. Then, a bandpass wavelength
filter is obtained based on the interference between core and cladding modes. Coupling loss

at fiber connections could be avoided in this way.
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Third, an all-fiber chalcogenide saturable absorber could be obtained similarly based on
the nonlinear multimode interference effect. A nonadiabatically tapered singlemode fiber or
an adiabatically tapered multimode fiber could be used to enhance the fiber nonlinearity by
reducing the core diameter. Furthermore, a truly mid-infrared laser could be constructed to
investigate the diverse pulsed regimes based on the proposed chalcogenide fiber multimode

interference saturable absorber.
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