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1. Introduction

Stemming from the discovery of graphene in 2004 using mechanical exfoliation via Scotch tape
[1], two-dimensional (2D) materials received great attention from the scientific community [2-11],
opening a new era of atomically thin semiconducting materials. The atomically thin thickness of
2D materials provides excellent access to the bound electron-hole pairs, such as excitons [8, 12-
14] or new degrees of freedom of the electronic valley [13-15]. Figure 1.1 presents the atomic
structures of some outstanding 2D materials, such as graphene, molybdenum disulfide MoS», black
phosphorus, and hexagonal boron nitride (hBN). Each material has different bandgap energies

corresponding to different spectral ranges and may find interest in many applications.
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Figure 1.1: The atomic structures of hBN, MoS, black phosphorus, and graphene. The electromagnetic spectrum is
divided into different spectral ranges covered by various 2D materials according to their bandgap. Some typical
applications for each spectral range are presented accordingly. Figure is adapted from [15].

Pristine graphene is a monocrystalline form of graphite with one atom thickness, and thus it is
classified in the group of 2D materials. With only one carbon atom layer, graphene is the thinnest
material that has been discovered so far with a thickness of about 0.4 nm [16, 17]. This material
has a hexagonal honeycomb lattice comprised of strongly bound carbon atoms. Graphene possesses
many outstanding properties compared to bulk graphite [1, 4], for instance, an ultrahigh charge
carrier mobility up to 200,000 cm?/Vs at 5 K [3] or more than 100,000 cm?/Vs at room temperature
[18-20] and a long mean free pathway of electrons in the order of one micrometer [1, 3]. Due to
the massless Dirac fermions in graphene, electrons at low-energy states near the Dirac point exhibit

an unprecedented high Fermi velocity of approximately 10° m/s [17, 21]. Therefore, the resistivity
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1. Introduction

of graphene is very low (~1.0 pQ/cm) and less than silver (~1.5 pQ/cm) [17, 21]. Together with
the highest in-plane strength amongst known materials with a tensile strength of 130 GPa and

Young’s modulus of 1 TPa [2, 20, 22], graphene is in a unique position in the 2D materials family.

Remarkably, the zero bandgap of the graphene at the Dirac points, the intersection between the
valance band and the conduction band, results in the absorption of a broad spectrum of light from
UV to THz frequencies [23]. Despite the ultrathin thickness, graphene has a significant light-matter
interaction with a flat absorption rate of 2.3 % in the visible spectral range [20, 24]. All the above
appealing physical properties make graphene a strong contender for ultrafast and broadband
photodetectors. The supreme properties of graphene are highly attractive to multiple functional
devices such as broadband optical modulators [25, 26], photodetectors [23, 27, 28], sensors [29],
mode-locked lasers [30, 31], substantial nonlinear optical response [32-34] and many more [20, 35,
36]. Additionally, the strong adhesion of graphene on Si0O»/Si substrates can lead to pressure
sensors [37] and support a scalable integration of graphene in data and telecommunication [38],

high-speed computer chips [39], flexible electronics [20], and energy storage [40], to name a few.

Although graphene is an intriguing semimetal with extraordinary mechanical strength [2, 20],
ultrahigh charge mobility [3, 18], and a prime example in the 2D materials family, the lack of a
bandgap [1, 13, 15, 41] limits its applicability in many practical applications which require a finite
bandgap such as transistors [9, 42, 43]. A bright perspective of ultrathin, ultrafast, and flexible
electronic devices in the future triggered the emergence of other 2D materials besides graphene to
realize a new generation of extremely thin transistors and integrated photonics [13, 43-45]. In
general, 2D materials are not restricted to only single-layer materials but also refer to few-layers,
multilayers, and heterostructures whose total thickness can be up to tens of nanometers [14, 15, 23,
43]. Similar to graphite, each layer of 2D materials is stacked on top of each other by a weak van
der Waals force. Recently, van der Waals heterostructures drew lots of attention because of exciting
physics, including but not limited to polariton, electroluminescence, photovoltaic effect, band-to-

band tunnel transistors, and long-lived interlayer excitons [46-50].

To date, there are about 1800 different materials that can be exfoliated or are predicted to have a
stable monolayer form [46, 51]. The simplicity of mechanical exfoliation to prepare high-quality
semiconducting samples with extraordinary physical properties is the main reason for the
popularity of 2D materials [52, 53]. Besides graphene, many 2D-semiconductor materials have
been studied intensively, including hBN [54-56], black phosphorus [57-60], and transition metal
dichalcogenides [13, 15, 43, 45]. Hexagonal BN is a direct bandgap semiconductor with a wide
bandgap and hence is often utilized as a substrate or encapsulator for other 2D materials [52, 54,
56, 61]. Furthermore, hBN can be used as a gate dielectric for field-effect transistors [62, 63].
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1. Introduction

Recently, hBN has shown the potential for quantum technology as it can host deep defects within
its wide bandgap, and those deep states can emit single photons at room temperature [64, 65]. Black
phosphorus is quite young amongst other 2D materials; the earliest works with this atomically thin
material were reported in 2014 [57, 58]. The charge carrier mobility of black phosphorus is in the
range from 100 to 1000 cm?V-!s! [52, 57, 58], and it has a direct bandgap of 1.0 eV in the
monolayer limit [58]. The fascinating electronic properties of black phosphorus make them
attractive for CMOS applications [57, 58]. Although black phosphorus has significant potential in
optoelectronics, it behaves hydrophilic and unstable under long-term exposure to ambient air [59,
60].

In the 2D-materials family, transition metal dichalcogenides (TMDs) recently received the most
attention besides graphene [7, 10, 13-15, 31, 43, 45]. 2D TMDs are highly appealing for photonics
[13, 15] and optoelectronics [14, 43, 45] due to their unique physical properties and substantial
interaction with light. The semiconductors constructed from transition metal atoms (e.g., Mo, W)

and chalcogen atoms (e.g., S, Se, Te) have attracted the most interest from research groups in the

last few years [7-11, 13-15, 43-45, 66].

There is a massive change in the optical and electronic properties of TMDs when their thickness
decreases from bulk down to the monolayer [7, 8, 43, 66]. As a result of the reduced dielectric
screen effect [67-69], these monolayer TMDs possess a direct bandgap with energies ranging from
1.5 - 2 eV (visible to near-infrared frequencies) with high photoluminescence (PL) quantum yield
compared to the bulk crystal [7, 8, 44]. Their exceptional light absorption per unit thickness [11,
70] makes them appealing for numerous applications. For instance, the large surface-to-volume
ratio of monolayer TMDs offers a gateway to highly sensitive and rapid-response sensors for gas
sensing and bioanalytics [10, 45, 71-73]. Likewise, other excellent properties of 2D TMDs, such
as sensitive photodetection [74, 75], low threshold lasing [76, 77], and valley Hall effect [78, 79],
are fascinating for valley-based information storage and processing [80-82]. Additionally, the
excitons in monolayer TMDs are particularly interesting for spin valley coupling [78, 83-85] and

single-photon emission [86-90].

The high surface-to-volume ratio is an advantage of 2D materials in general or monolayer TMDs
in particular. This feature makes 2D TMDs a potential candidate for remote sensing [91-96]. The
adsorption of the gas molecules on the surface of TMD crystals can alter the charge distribution
via the charge transfer process. Many research groups used the semiconductor TMDs as a channel
in a field effect transistor to detect the sensing target by monitoring the resistivity. The charge
transfer process between the gas molecules and semiconductors leads to a certain doping level of
semiconductors. As a result, the resistance of the transistor channel or the current running through

3



1. Introduction

it will vary, and this variation is measurable. In another approach, some groups have used the high
PL quantum yield of monolayer TMDs and monitored the modulation of PL signal during contact
with gas species. This method does not require the fabrication of any transistor, and an optical light
source will be employed to stimulate PL emission from TMD crystals. In this thesis, we will discuss

optical gas sensing via the monitor of PL from monolayer MoS; as one proof of concept.

The impact of nonlinear optics in our daily life can be easily recognized with Q-switching, mode-
locking, and second harmonic in the applications of lasers. In terms of nonlinear optics, monolayer
TMDs are well-known for their substantial nonlinear susceptibility per unit thickness. Some typical
nonlinear optical phenomena, such as second-harmonic generation (SHG) and third-harmonic
generation (THG) of 2D materials, have been studied intensively in the last few years [97-105].
SHG is the lowest-order nonlinear process and was first observed in 1961 [106], right after the
demonstration of the first working laser in 1960 [107]. This nonlinear process is also responsible
for the tunable optical parametric oscillators (OPO) [108] and optical parametric amplifiers [109],
which are used in many applications. Analogous to SHG, spontaneous parametric down-conversion
(SPDC) is another second-order nonlinear process that is highly attractive for quantum information,
quantum imaging, and several others [110]. Up to now, nonlinear optical devices are working upon
bulk nonlinear crystals produced via a complex manufacturing process. Through progress like
nanostructuring, defect engineering, and heterostructure fabricating, nanomaterials are desired to

open a novel pathway toward nano-optoelectronic devices [15, 111-113].

TMDs possess a remarkable second-order nonlinearity compared to traditional bulk crystals,
although they have a sub-nanometer thickness [98, 114]. For example, the reported nonlinear
susceptibilities y @ are 2.2 pm/V for beta barium borate at 1064 nm [115], 0.4 pm/V with quartz
at 1052.8 nm [115], 0.43 pm/V for potassium dihydrogen phosphate at 1064 nm [116], and 27.2
pm/V for lithium niobate LiNbO; at 1064 nm [117]. Meanwhile, the reported nonlinear
susceptibilities of monolayer MoS> vary from a few pm/V to 10° pm/V. Specifically, Siynitjoki et
al. [99] reported an effective 1@ value of 2.2 pm/V at 1560 nm for an exfoliated monolayer of
MoS: on SiO2/Si substrate. Woodward e al. reported an effective ¥ value of 29 pm/V at 1560
nm for a CVD-grown monolayer MoS> [100]. Both of these works confirmed that monolayer MoS»
offers a higher nonlinear response than graphene in the same condition. Malard ef al. characterized
an exfoliated monolayer MoS, on SiO2/Si substrate and reported a y® value of 123 pm/V at 800
nm, which is near the C-exciton band [97]; meanwhile, Li et al. reported a y @ value of 160 pm/V
at 810 nm for a monolayer MoS; [105]. The highest reported ¥ value so far is 10° pm/V by

Kumar et al., measured from a mechanically exfoliated monolayer MoS, at 810 nm [101]. The
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discrepancy in the reported y @ values here is likely due to the differences in estimation method,
substrate, excitonic effects, and sample preparation. All the highest reported second-order
susceptibility are in resonance with the C-exciton of the monolayer MoS,. The results from
different research groups show a significant potential of this 2D materials family in nonlinear
optics. The large and ultrafast nonlinear optical processes in 2D TMDs are highly sought-after in
applications like all-optical modulators, saturable absorbers, and frequency converters [97, 118-

120].

In contrast to bulk nonlinear crystals where the phase-matching condition cannot be ignored in a
nonlinear process, monolayer thickness is nevertheless far shorter than the coherence length;
therefore, the phase mismatch is negligible. The nonlinear efficiency is now solely dependent on
the conservation of the transverse momentum [121]. Besides, many studies on THG and high
harmonic generation responses of monolayer TMDs suggest their promising applications in
nonlinear optics and photonics. Hence, the integration of highly nonlinear monolayer TMDs on

photonic devices may pave the way for future nanophotonic chips.

There are many ways to obtain monolayer TMDs, and they can be classified into two categories:
top-down and bottom-up approaches. Some examples of top-down methods are mechanical
exfoliation with adhesive tapes and solution processing, whereas some typical bottom-up
techniques are chemical vapor deposition (CVD) [44, 122], molecular beam epitaxy [44, 123],
physical vapor deposition [124], atomic layer deposition [125, 126], or metal-organic chemical
vapor deposition (MOCVD) [44, 127]. The choice of the growth method depends on many factors,
including crystal size, quality, and price. For example, the molecular beam epitaxy provides a high-
quality standard in growing pristine graphene [128]; nevertheless, the cost is much higher than in
CVD techniques [20]. Although the mechanical exfoliation technique has shown its advantage of
producing high crystal quality, the low yield and time consumption are the drawbacks hindering
them from a scalable integration with 2D materials. On the other hand, the CVD method can
produce high-quality TMD crystals in a scalable way. In the scope of this thesis, TMD crystals
were grown from a modified CVD process by the group of Prof. Dr. Andrey Turchanin at the
Institute of Physical Chemistry at Friedrich Schiller University Jena.

The common approach of experiments with monolayer TMDs in the research community is to
mechanically exfoliate and transfer them onto a substrate for characterization, as mentioned in
many research works [97, 99, 101, 105, 118]. However, for monolayer TMDs, the light-matter
interaction length is limited to sub-nanometers due to their infinitesimal thickness. There are two
crucial things one should consider here. First, the minuscule thickness will reduce the total optical

response from the monolayers significantly. Second, the mechanical transferring may not be
5



1. Introduction

scalable and applicable to promising and complex integrated structures. To solve the first issue, the
light-matter interaction has to be enhanced before it can be used for any application. Therefore, any
approach to boost the light-matter interaction is highly sought-after. One strategy is to couple
TMDs with optical resonators. This method was demonstrated in planar open [129, 130] and
monolithic resonators [131, 132], as well as with photonic crystal resonators [76, 133], microdisk
cavities [ 134], and nanoresonators [135]. These resonators, nevertheless, are limited to narrowband

resonances, whereas broadband and ultrafast operations are not supported with this approach.

Alternatively, the integration of 2D materials with waveguides or optical fibers can increase the
interaction length tremendously and thus maybe suitable for non-resonant, ultrafast, and broadband
operation. The validity of the 2D material-coated waveguides approach has already been proven
by some works. For example, graphene with significant optical nonlinearity has been integrated as
a saturable absorber onto photonic crystal fibers to demonstrate pulsed fiber lasers [17, 32].
Similarly, few-layer MoS: has been deposited on microfibers as a saturable absorber to establish a
passively harmonic mode-locked fiber laser [136]. Another investigation into 2D material-coated
waveguides has also been undertaken, where side-polished telecom fibers with multilayer MoS,-
coating [137] displayed enhanced self-phase modulation (SPM). Additionally, silicon waveguides
with MoSe, [138] or MoS, [139, 140] coatings have shown the enhancement of SHG and SPM
[141]. Recently, silica fibers have been functionalized with MoS; to enhance the SHG and THG
processes [142, 143].

Figure 1.2: Scanning electron microscope image of an exposed-core fiber and the core area (inset). The open access
is highlighted by a yellow arrow, and the exposed surface is highlighted by a yellow dashed curve. Figure is adapted
from [144].

Most of the above-mentioned works relied on the mechanical transfer of 2D materials onto
waveguides or optical fibers. This manual transfer is likely to bring unexpected stress fields, and
its results are difficult to reproduce. It is also not scalable and thus hardly suitable for many types

of future integration technologies. Furthermore, the mechanical transfer of 2D materials is only
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applicable to a flat surface. Therefore, a process that can grow high-quality monolayer TMDs
directly on optical fibers or waveguides is extremely desired to bring 2D material-coated

waveguides to the next level.

This work has overcome this obstacle by directly growing monolayer TMDs on the core of
exposed-core optical fibers (ECFs) [144, 145], turning them into TMD-coated ECFs, in a scalable
and non-transfer process [146]. These TMD-coated ECFs operate via the interaction of monolayer
TMDs with the evanescent fields of the guided light because the monolayers are in direct physical
contact with the fiber core. TMD-coated ECFs can perform outstandingly due to their functional
design to exploit the nonlinear and excitonic properties of monolayer TMDs, for instance, by
changing geometry or constituent components. More precisely, the aim of this work is to show the
ability to grow monolayer TMDs directly on the guiding core of all-silica ECFs, which exhibit
strong field confinement. In contrast to suspended core fibers, where the core is covered by the
outer solid part of the fiber, ECFs support partial access to the fiber core, as displayed in Figure
1.2. The precursors of MoS,, for instance, sulfur and MoO3, can interact and grow crystals on the
entire surface of ECFs, including the upper part of the core. The design of ECFs makes them more
suitable for applications like real-time gas sensing than suspended core fibers because it provides
instant contact between 2D materials and gas molecules. The open access to the fiber core also
makes any modification on the fiber core easier. Based on their versatility and flexibility, ECFs
have been chosen in this research work. In this thesis, ECFs were fabricated by the collaboration
between the research group of Prof. Dr. Heike Ebendorff-Heidepriem at the University of Adelaide
and the group of Prof. Dr. Markus Schmidt at the Leibniz Institute of Photonic Technology.

To wrap up this introduction part, both linear and nonlinear properties of 2D TMDs have been

investigated in this thesis. The entire aims of this thesis are as follows:

1. Construct a numerical model to quantify the linear and nonlinear properties of TMD-coated
ECFs and use this model to optimize the structure of ECFs for high nonlinear conversion
efficiency.

2. Demonstrate a proof-of-concept by directly growing monolayer TMDs on the ECFs to
functionalize the fiber core and showing the distinct possibilities: in-fiber excitonic
excitation, PL collection, and enhanced THG.

3. Demonstrate that ECF functionalized with the monolayer TMDs can be used for remote
sensing of gases.

4. Demonstrate that the SHG can be generated from the ECFs functionalized by monolayer

TMDs. Calculate quantitatively the nonlinear parameters of this hybrid system.
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The thesis is organized as follows. The introduction chapter provides all important information
about semiconducting 2D materials, including graphene, hexagonal boron nitride, black
phosphorous, and TMDs; their interesting physical phenomena; and updates on the research
activities from the scientific community related to these materials. An overview of ECFs is also
given in Chapter 1 to highlight their excellent properties as a platform to integrate with 2D
materials. Chapter 2 describes the fundamental theoretical overview of 2D TMDs, such as exciton,
band structure, types, and nonlinearities. It explains shortly the change of band structure in terms
of the number of atomic layers and the spin-orbit coupling happening in monolayer TMDs. The
general nonlinear optical process and especially the nonlinearities of monolayer TMDs are
discussed here with the perspective of using them for photonics and nonlinear optics. This chapter
will provide more information about ECFs and how to integrate monolayer TMDs on this
waveguide. Chapter 3 covers all the characterization methods used in this thesis to examine the
optical properties and crystallographic structure of as-grown monolayer TMDs. Chapter 4 will
discuss the exciton excitation of monolayer TMDs, and photoluminescence-related experimental
results. Coming up with the idea to realize gas sensing based on PL, Chapter 5 contains a theoretical
discussion about the fluorescence capture fraction, gas sensing mechanisms, refractive index
sensing, and gas sensing experimental results. Here, the realization of gas sensing using optical
fibers and monolayer MoS: is discussed in detail. Chapter 6 presents the numerical modeling of
guided modes in the fiber core, the numerical calculation of the nonlinear coefficient, and
experimental results of the THG generated from ECFs and TMD-coated ECF. Evaluating the
second-order nonlinear susceptibility of the TMD-coated ECF is a challenge because the
monolayers have different orientations, random locations and sizes. In Chapter 7, we will
demonstrate a new approach to create a single crystal on the ECF and present the benchmarked
susceptibility from the hybrid system. This chapter also includes the numerical modeling of the
SHG process in TMD-coated ECF and the experimental results of the SHG enhancement by TMD-
coated ECF in resonance with excitons. Finally, Chapter 8 gives a summary of the work and

discusses future perspectives and outlooks.



2. Sample properties and fabrication

2.1 Types of TMD and their symmetries

TMDs are structured as MX, comprising a transition metal atom (M) and two chalcogen atoms
(X), and have hexagonal or rhombohedral symmetry [43]. Figure 2.1a shows a three-dimensional
view of TMDs. A monolayer TMD is constructed with three atomic planes, where the top and
bottom planes are chalcogen atoms (S, Se, Te), while the middle plane contains transition metal
atoms (Mo, W). The variation in the arrangement of six X atoms around the central M atom results
in two symmetries, as illustrated in Figure 2.1b where trigonal prismatic is on the left side, and
octahedral phase is on the right side. In the former case, the X atoms will define the vertices of a
triangular prism, whereas in the latter case, the X atoms will define the vertices of an octahedron.
The difference in the atom arrangement between these two phases is clear from the basal plane

view.

Figure 2.1c displays the covalent bonds between M atoms and X atoms within the monolayer and
the weak bond between adjacent layers. Noticeably, different layers of TMDs are bound together
by a weak van der Waals force and stackable either vertically or horizontally to form vertical or
lateral van der Waals heterostructures, respectively [147]. The van der Waals force of the interlayer
is significantly weaker than the covalent bond of the intralayer [15, 43, 46], and hence, we can
easily exfoliate the monolayer TMD analogous to graphene. Moreover, this unique structure
enables them for ease of integration and miniaturization for future nanophotonic devices.
Additionally, the monolayer TMDs can grow conformally on numerous substrates via van der
Waals forces, also called van der Waals epitaxy, with a large relaxation in the lattice mismatch of
up to 50 % [148, 149]. This van der Waals epitaxy is different from the conventional heteroepitaxy
for three-dimensional materials, which requires a proper lattice matching between the epitaxial
layer and substrate to achieve heterostructures [ 149, 150]. The lack of dangling bonds at the surface
of monolayer TMDs leads to a chemically inert surface and supports the van der Waals epitaxy
[149]. This terminated surface provides the stability against the reaction with surrounding chemical
species [151, 152] and the ability to form heterostructures by vertical stacking of different TMDs
[153, 154].

One of the most striking features of TMDs is that not all of them are semiconductors. Depending
on the pairing of the M atom and X atoms, different phases such as semiconductor, metal, or
superconductor can be formed [43]. For instance, some intriguing semiconductors are MoS>, WS,

MoSe:, and WSe». NbTe; and TaTe: are metallic, while NbS; and NbSe; are super-conducting
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6.5A

Figure 2.1: (a) The TMD structure of MX5 in a three-dimensional representation with chalcogen atoms (X) in yellow
and the transition metal atoms (M) in black. The subfigure is adapted from [9]. (b) The left panel shows the crystal
structure and the top view of monolayer TMD with trigonal prismatic coordination (2H phase). The right panel shows
the crystal structure and the top view of monolayer TMD with octahedral coordination (1T phase). The subfigure is
adapted from [155]. (¢) Schematic of 2H, 3R, and 1T phases with six covalent bonds between a transition metal atom
with upper and lower chalcogen atoms creating a trigonal prismatic geometry for 2H and 3R. An octahedral geometry
is found in the 1T phase. A monolayer of MX; lacks inversion symmetry, while a bilayer MX; is centrosymmetric in
the 2H form. The broken symmetry happens for each layer in the 3R phase. ¢ index indicates the number of layers in
each stacking order. The subfigure is adapted from [43].

materials [156]. Both monolayer and a few layers of the group-VI TMDs are stable in the air at

room temperature [157] and are well-suitable for daily-life electronic applications.

Furthermore, there are multiple crystal structures of TMDs, including hexagonal (2H),
rhombohedral (3R), and tetragonal (1T) forms depending on the arrangement of chalcogen atoms
around the central transition metal atoms and the stacking of layers. Figure 2.1c displays the

arrangement of X atoms around the central M atom in the 2H, 3R, and 1T phases. In the 2H phase,
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2. Sample properties and fabrication

the unit cell consists of two layers joined together by weak van der Waals forces. In the 3R phase,
the unit cell consists of three layers, and there is only one layer in the unit cell for the 1T phase. So
the 2H phase TMD has two layers in the unit cell and has a hexagonal crystal structure. The
monolayer TMD in the 2H phase belongs to the Dsn point group [14, 103, 158, 159]. In general,
2H TMDs have the Dsn point group for odd-numbered layers and the D3q point group for even-
numbered layers [99, 159, 160]. The 1T phase has a tetragonal symmetry and belongs to the D3q
point group [161, 162]. The electronic and phase properties of 2D TMDs are strongly dependent
on the filling status of the d orbitals of transition metal atoms. The complete filling of d orbitals
leads to semiconducting character, whereas the partial filling of d orbitals favors metallic behavior
[161]. For example, 2H and 3R phases are semiconductors, whereas 1T phase TMDs are metals
[163]. Within the 2H phase, monolayer TMDs can be intrinsic n-type semiconductors (MoS2, WS»,
MoSe») or p-type semiconductors (WSe») [45, 164-166]. Normally, the 1T phase is less stable than
the semiconducting phases due to the high reactivity of metals [157]. On the other hand, both
hexagonal 2H and rhombohedral 3R phases are semiconductors and stable, nevertheless, the lack
of scalable growth of the 3R phase is a challenge for future photonics applications. In this work,
only semiconducting layers in the 2H phase are investigated for optical properties considering the

simplicity, scalability, and stability of this form.
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Figure 2.2: (a) Side view of symmetric 2H phase bilayer TMD. (b) Side view of asymmetric 3R phase TMD. Dashed
line indicates the mirror symmetry of in-plane dipoles. Black cross indicates the mirror symmetry does not exist.

Because the 2H and 3R phase TMD are fascinating semiconductors, it would be necessary to
discuss their behavior concerning the number of layers. Figure 2.2a illustrates the side view of the
symmetric 2H phase for two layers in the unit cell. There is a mirror symmetry for bilayer or even-
numbered layers, as shown by a dashed line in Figure 2.2a. The odd-numbered layers are

noncentrosymmetric. The stacking of an adjacent layer to 2H TMD restores the inversion symmetry
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of in-plane dipoles because they mirror the orientation compared to the previous layer. Figure 2.2b
exhibits the crystal arrangement in the 3R phase TMD. The adjacent layers in the 3R TMD are
shifted along the in-plane direction without changing the orientation. Thus, the 3R TMD does not
possess an inversion symmetry in even-numbered layers. The inversion symmetry will strongly

affect the SHG process and will be discussed in detail in Chapter 7.

2.2 Band structure of TMDs

The band structure of TMD crystals changes drastically with the decreasing number of layers. For
instance, TMDs such as MoS>, WS», MoSe», and WSe; possess an indirect bandgap in the form of
a bilayer to bulk crystal and a direct bandgap in the form of a monolayer [7, 8, 167]. Figure 2.3
displays the calculated electronic band structure of the MoS; crystal. There is an abrupt change
from an indirect bandgap at the I" point to a direct bandgap at the K point in the first Brillouin zone
because of the perpendicular quantum confinement in the monolayer [7]. In the bulk form, MoS>

has an indirect bandgap of 1.2 eV, whereas, in the monolayer limit, it has a direct bandgap of 1.9

R MR R

Energy

r MK T MK I'T MK I T MK T

Figure 2.3: Calculated electronic band structure of MoS; crystal. From left to right: bulk, four layers, bilayer, and
monolayer. The black solid arrow indicates the bandgap that is the lowest energy transition between the valence band
maximum and the conduction band minimum. Figure is adapted from [8].

From Figure 2.3, one may notice that the direct excitonic transition at the K point in the first
Brillouin zone is mostly unchanged for different thicknesses of MoS». The major change comes
from the indirect bandgap transition at the I" point in the first Brillouin zone due to the interlayer
interactions [169]. When the thickness decreases, the indirect bandgap transition increases

gradually. In other words, the relative change of the indirect bandgap transition to the direct
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bandgap transition determines the electronic band structure of MoS» according to the number of

layers.

In the monolayer limit, the indirect bandgap at the I" point becomes significantly larger than the
direct bandgap at the K point, and MoS; changes from an indirect-bandgap semiconductor to a
direct-bandgap semiconductor. The unique transition in the band structure originates from the d
orbitals of Mo atoms [8, 170]. The advantage of a direct bandgap is the high quantum efficiency
because only two species (an electron and a hole) are involved in the absorption and luminescence
processes. In contrast, an indirect bandgap requires a further involvement of a phonon to

compensate for the mismatch of momentum.
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Figure 2.4: PL spectra of monolayer and bilayer MoS; samples. Inset: PL quantum yield of thin layers versus the layer
numbers from 1-6. Figure is adapted from [7].

Figure 2.4 compares the PL quantum yield depending on the layer numbers and exhibits the PL
spectra of monolayers and bi-layers. As a result of quantum confinement and direct bandgap, the
PL of monolayer MoS; has an increase of quantum efficiency up to 10* times higher than that of
the bilayer MoS». The impressive surge of quantum efficiency in the monolayer limit is attributed
to an extremely slow electronic relaxation process in contrast to an ultrahigh rate in indirect
bandgap semiconductors [8]. On the other hand, the optical absorption of the monolayer TMD is
also electrically tunable by modifying the electron density or applying a voltage to change the
resonance frequency [171]. Horng et al. have demonstrated that the absorption of monolayer MoSe>
placed in front of a flat mirror could reach nearly 100 % [172] under the critical coupling condition
where the radiative decay rate balances the scattering rate enabling low-power photonic
applications. The strong light absorption of monolayer TMDs and the ability to bear high strain
without degradation [112, 173] are advantages of these materials for electronics and

optoelectronics.
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2.3 Excitons in monolayer TMDs

An exciton is a quasiparticle created by the Coulomb force between an electron and a hole and
hence is neutral in charge. In the thermal equilibrium condition, the electrons are mostly located at
the valence band of a semiconductor. Under excitation, for instance, by an electromagnetic field
with suitable energy, an electron can jump to the conduction band and leaves behind a hole in the
valence band. The electron-hole pair obeys the conservation of charge, momentum, and energy.
After the excitation, the electron and hole still attract each other by the electrostatic Coulomb force
quantifying a binding energy. Their motion is correlated by that force. There are three types of
exciton such as the Frenkel exciton, the Wannier-Mott exciton, and the charge-transfer exciton, as
illustrated in Figure 2.5. Understanding the formation of these excitons and the energy transfer

mechanism may help explain the optical properties of semiconductors.

A Frenkel exciton is formed by a tightly binding Coulomb force between an electron and a hole in
organic or ionic crystals. As a result, the exciton has the size in the order of the unit cell and can
be localized to one molecule, as displayed in Figure 2.5a. Frenkel excitons have a large effective
mass in the momentum space with the binding energy ranging from 0.1-1 eV [174]; therefore, they
are characterized by low mobility. In contrast to Frenkel excitons, Wannier-Mott excitons can be
found in inorganic semiconductors with a high dielectric constant leading to a weak bond due to
the screening by nearby electrons, as illustrated in Figure 2.5b. Consequently, electron-hole pairs
have a large distance and small binding energies [175]. In Figure 2.5¢c, an electron and a hole are
located on adjacent molecules, for example, in molecular crystals, and the pair is called charge-
transfer exciton. In the monolayer limit of 2D TMDs, the wave function of electron-hole relative
motion spreads over many unit cells similar to Wannier-Mott excitons (large size), while the strong

exciton binding energy is analogous to Frenkel excitons [14, 67, 168, 174, 176].
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Figure 2.5: Illustration of a Frenkel exciton (a), a Wannier-Mott exciton (b), and a charge-transfer exciton (c). Figure
is adapted from [177].

The binding energy of excitons in semiconductors is an important topic because it provides

information about the characteristics of excitons in different semiconductor types. In general, the
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exciton binding energy depends on the dielectric constant of the material and the dimensionality.

Exciton binding energy Ey, in an a dimensional system reads as [178, 179]

Ey,=—— 0 (2.1)
o = — , .
G

where n is the principal quantum number, and Ej is the effective Rydberg constant.
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Figure 2.6: (a) A representation of an electron-hole pair in a bulk (3D) versus in a monolayer (2D) scheme with the
corresponding change in the dielectric environment. (b) The increase of bandgap and exciton binding energy with the
transition from 3D to 2D caused by the dimensionality. Figure is adapted from [68].

Without considering the effect of the dielectric constant, the transition of space from 3D to 2D
increases the exciton binding energy four times with n = 1. In the monolayer limit, electrons and
holes strongly interact via the Coulomb potential with the reduced dielectric screening. To calculate
the binding energy of Wannier-Mott excitons in monolayer TMDs, one can think about a simple
2D hydrogenic Rydberg model, where the energy spectrum is also the Rydberg series [168, 174,
178, 179]. The binding energy of the n'™® excitonic state is expressed by [168, 178]

* e4-
By = ——2 — 2.2)
2c2 —
2h%e (n 2)

Here, e is the elementary charge, h is the reduced Planck constant, ¢ is the dielectric constant, and

Uex 18 the reduced effective mass of the electron-hole system defined by

1 1 1
P = " + Y (23)
Hex me mh

where mg and my, are the effective masses of the electron and the hole, respectively. From Equation

2.2, the bonding strength is inversely proportional to the dielectric constant of the material, whereas
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proportional to the reduced effective mass of the electron-hole pair. The excitonic transition energy

is the result of Eg — E}, ,, with Ej is the quasiparticle bandgap.

Figure 2.6a shows the excitons in a bulk and in a monolayer. Due to the screening by the
surrounding electrons, the electron-hole pair in three-dimensional space is less confined. In
contrast, the reduced screening of the environment leads to the stronger confinement of exciton in
the monolayer, and as a result, the bright excitons are driven solely by the in-plane dipole moment
[180]. Consequently, in the monolayer form, excitons have higher binding energy and exhibit an
increase in the bandgap compared to bulk. The binding energy of neutral excitons in monolayer
TMDs can be up to several hundreds of meV as a character of the Wannier-Mott type [14, 176].
These are the reasons why the observation of excitons in these materials is possible at room
temperature. The extraordinarily large binding energy of excitons in monolayer TMDs originates
from the large effective masses of electron-hole pairs, the reduced dielectric screening by the
surrounding free charges, and the spatial confinement of the charge carriers. The influence of

dimensionality on the binding energy and the bandgap is depicted in Figure 2.6b.

m; = -3/2 +3/2
m;=-1/2 +1/2
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Figure 2.7: Excitonic selection rule of monolayer MoS,. The band structure of monolayer MoS, showing the
conduction and valence bands labeled by the z-component of the total angular momentum near the K and K' point of
the first Brillouin zone. The d-orbitals cause spin-orbit interactions, which leads to spin polarization and splitting of
the valence bands. To preserve time-reversal symmetry, the spin polarization of the K valley at the valence band must
be the opposite of the K' valley. The valley and spin degrees of freedom are coupled. Under the left-circularly polarized
excitation, only the K valley is populated, whereas, under the right-circularly polarized excitation, only the K' valley
is populated. Figure is adapted from [181].

Another striking feature of excitons in the monolayer TMD is the spin-orbit splitting, which defines
the excitonic species and spin polarization. Figure 2.7 illustrates the effect of spin-orbit splitting
with the split of the valence band and spin selection rule. As discussed before, the monolayer MoS>
possesses a direct gap with energy gaps located at the K and K' points of the first Brillouin zone.
Due to the spin-orbit splitting, the valence band is split into two sub-bands with a gap of 200 meV
for Mo-based TMDs and 400 meV for W-based TMDs. The spin-orbit coupling originates from
the d orbitals of transition metal atoms such as W and Mo, and the heavier atoms (W) have larger

splitting [179]. The splitting also occurs in the conduction band but only a few meV [182].
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Consequently, two separate interbands create two direct optical transitions in the band structure,
causing A and B excitons [183, 184]. Remarkably, two corresponding excitonic transitions can be

observed at room temperature in absorption and PL spectra.

In monolayer TMDs, we can observe three charged particles which are called trions or four charged
particles, known as bi-excitons. A trion is formed when an exciton combines with an extra electron
or hole to create a negatively or positively charged exciton, respectively. Furthermore, if two
electrons and two holes combine, a bi-exciton can be formed. The binding energy of trions is much
smaller than that of excitons and determined by the difference between the fluorescence energy of
the neutral exciton and the trion [181]. For instance, the monolayer MoS> has a trion binding energy
of about 20 meV, and the monolayer MoSe> has a trion binding energy of approximately 30 meV,
which makes trions from monolayer TMDs observable at room temperature [181, 185].
Additionally, trions are widely found due to the material fabrication process and the doping by

surface defects and the substrate [186].

2.4 Nonlinearities in monolayer TMDs

2.4.1 Nonlinear optical processes

When an electromagnetic field E applies to a dielectric medium, a dielectric polarization is induced
and can be seen as the oscillation of charges in the medium. Under a low field intensity, the induced
polarization behaves linearly to the applied field E via the well-known expression

PD(w) = g™ (w)E(w),
where &, is the vacuum permittivity, y (w) is the first-order susceptibility tensor at the angular

frequency w.

In the case of an intense electromagnetic field, the response of the medium is composed of not only
a linear but also a nonlinear manner. The induced polarization P can generate a new
electromagnetic field because of the accelerated movement of charges in the medium. The
dielectric polarization P in a general case is simplified and expressed by a power series of different
orders [116, 187]

P=PD 4+ p@ L pB 4 ..
=pW 4 pNL, (2.4)

Here the nonlinear polarization PN = P® + p®) 4 ...

The first-order susceptibility y* describes the linear response and the conventional effects, such

as refraction and absorption, whereas the higher-order terms describe the nonlinear effects. When
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the E field is in the order of magnitude of the interatomic electric field (10°-10® V/m), the optical
nonlinear response is observable [188]. The nonlinear susceptibility y? is responsible for second-
order nonlinear optical effects, including SHG, sum-frequency generation, and difference
frequency generation. y® is responsible for third-order nonlinear optical effects, including THG,
four-wave mixing, SPM, and saturable absorption, to name a few. In general, the interaction

strength of the nonlinear processes decreases for the higher n-order susceptibility [116, 187].
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Figure 2.8: Schematic diagrams of SHG and THG processes. DFG: difference frequency generation. FWM: four-wave
mixing. Figure is adapted from [98].

Figure 2.8 shows the schematic diagrams of the ¥y @ and y® processes. In a y® process like SHG,
two incident photons of the same frequency w interact with the nonlinear medium and generate
another photon at frequency 2w. Contrarily, when one incident photon at frequency w; is divided
into two photons with frequencies w, and w5, the process is called difference frequency generation.
In a y® process like THG, three incident photons with the same frequency w will interact with a
nonlinear medium to generate another photon at frequency 3w. If two photons with different
frequencies w; and w, come and interact with the nonlinear medium, two other photons with
frequencies w3 and w, can be generated. In this case, the interaction of two different frequencies
in a nonlinear medium to produce two new frequencies is called non-degenerate four-wave mixing.
It is important to note that many factors can influence the nonlinear optical process, including phase
matching, mode matching, and nonlinear strength of materials, for instance, the y® value. Hence,
these parameters must be carefully considered when using nonlinear materials in any application

process.

The high-order nonlinear effects become significant only under an intense electromagnetic field,

and hence, it requires a pulsed laser. Here, the peak power of the pulse is responsible for SHG and
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inversely proportional to the pulse width expressed by Peak power (W) = Pulse energy (J) / Pulse
width (s), where Pulse energy (J) = Average power (W) / Repetition rate (Hz). Thus, an ultrashort
pulsed laser can generate an enormous peak power even with moderate pulse energy. Therefore, in
the work with THG and SHG, ultra-short pulsed lasers are always used to excite the nonlinear
medium. Furthermore, these nonlinear processes are sensitive to the crystal orientation and layer

numbers and thus are a versatile tool to probe the material structure.

There are many applications of nonlinear optics in our daily life, for instance, ultrafast laser, optical
modulators, ultraviolet sources, THz generation, OPO, optical parametric amplifiers, and quantum
optics [98]. As discussed before, the nonlinear optical effects of materials are significantly weaker
compared to the linear optical effect. Most photonic devices are using some common bulk
materials, such as potassium dihydrogen phosphate, potassium titanyl phosphate, beta barium
borate, and LiNbOs. However, the technology nowadays is driven to miniaturize optoelectronic
and photonic devices, for example, on-chip nanophotonics and quantum nanophotonics. Processing
the above-mentioned nonlinear bulk materials to the nanoscale is a challenge. Hence, any material
which can scale down in size while maintaining high nonlinearity is greatly desired. For that reason,
2D materials, by having a large nonlinear optical response and compatibility for on-chip
integration, change the game in the next generation of integrated photonics. In this thesis, THG and

SHG processes of monolayer MoS: grown on optical fiber will be discussed.
2.4.2 Phase matching condition
The phase-matching condition is required for SHG and THG processes, and the momentum

mismatch in the SHG process is given as

AkSHG = Zkl - kz, (25)

where k; is the wavenumber of the incident fundamental waves, and k, is the wavenumber of the

generated second harmonic wave.

The wavenumber is related to the refractive index by k; = %, where i is an integer.

In the case of the THG process, the momentum mismatch is written as follows

AK™G = 3k, — ks, (2.6)
where k3 is the wavenumber of the generated third harmonic wave.

We can express the SHG intensity at the output of a nonlinear medium with a length L depending

on momentum mismatch as [116]
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where g, is the vacuum permittivity; c is the light speed in vacuum; d is the effective nonlinear

susceptibility; n; and n, are the refractive indices of the medium at frequencies w; and w,,

respectively; y@ is the second-order susceptibility of the medium; AkSHC is the phase mismatch

between the fundamental waves and the second harmonic wave; I; is the incident power of the

fundamental wave.

Similarly, the THG intensity is given as [189]

2m\* Ak
Iy = (E) ()((3))2(3a)1)2113LzsinC2<
1

THGL

> y(THG), (28)

kTHG is the phase mismatch

where ¥ is the third-order susceptibility of the nonlinear medium, A
between the fundamental wave and the third harmonic wave, y(TH9) is the spatial overlap between

two modes.
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Figure 2.9: Phase matching influence on the modulation of SHG and THG wave amplitude.

From Eqgs 2.7 and 2.8, the intensity of both SHG and THG waves are modulated by the
sinc?(AkL/2) function, which is called the phase mismatch factor. Figure 2.9 shows the plot of
this function as a function of AkL. Ideally, the phase mismatch factor becomes maximum if AkL =
0, and then sinc?(AkL/2) = 1. In the case of Ak = 0, then AkL = 0, so the amplitude of generated
SH and TH waves increases quadratically with the length L, and it is also said that the phase is
matched. Due to the one-atom thin thickness of monolayer TMD, and L < A, the momentum

conservation requirement is free [190].
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2.5 Exposed-core fiber

Figure 2.10 displays the fiber facet of a typical ECF used in this work, which is imaged by a
scanning electron microscope (SEM). Here, the ECFs have an outer cladding diameter of 175 um,
and the effective core diameter is around 2um which can be seen in Figure 2.10b. The core is
supported by three thin struts and surrounded by two air holes at the bottom and one open space on
top. The struts are long enough to define the guiding core. All parts of the ECF are made of fused
silica at the temperature range of 1900 “C to 2000 "C by a thermal fiber drawing process. Details

of the fabrication technique can be found in Appendix D.
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Figure 2.10: Scanning electron microscope image of an ECF. (a) SEM image of the entire facet of an ECF. (b) The
core area of the ECF is marked by the orange box in (a). Figure is adapted from [146].

Table 1.1: Calculated V parameter and numerical aperture NA at some typical wavelengths for silica ECF

Wavelength Core radius
Neo (silica) ng (air) V' parameter NA
(nm) (nm)
532 1.0 1.461 1.0 12.5 1.06
800 1.0 1.453 1.0 8.3 1.05
1360 1.0 1.446 1.0 4.82 1.04

One important parameter to characterize a step-index optical fiber is the V parameter [191], which

approximately quantifies the number of guided modes within the fiber core. The V parameter is

V =kya /(ngo —n3) = koaNA, (2.9)

where ky, = 2m /4, is the vacuum wavenumber; a is the core radius; A, is the vacuum wavelength;

given by

N, and ng are the refractive indices of the core and cladding, respectively; and NA is the numerical

aperture.

Here, we have calculated the NA value and the V parameter of our ECFs at different excitation

wavelengths used in this thesis. The cladding is the air with a refractive index of 1.0. The refractive
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index of the silica core slightly decreases when the spectral wavelength increases, leading to a
decrease in the NA value. Using Equation 2.9, we calculated the value of the V parameter. Table
1.1 shows the calculated values of the V parameter and the NA for three different wavelengths. The
V parameter declines from the value of 12.5 at 532 nm to the value of 4.82 at 1360 nm. We can say
that at shorter excitation wavelengths, there are more guided modes inside the fiber core than at
longer excitation wavelengths. Because the calculated V' parameters in Table 1.1 are higher than
the value of a single-mode fiber (V < 2.405), our ECF supports multiple modes for all working

excitation wavelengths.

2.6 TMDs growth on ECFs

The growth of TMDs involves a modified CVD process [192]. This process produces high-quality
monolayer TMDs with a typical length ranging from 7 - 20 um on few-centimeter-long
microstructured silica ECFs. The ECFs are suitable for the high-temperature conditions of the CVD
reactor (~ 800 “C). Moreover, ECFs provide free access from the outside to the core, enabling the
growth of various 2D materials directly on the fiber core. Different precursors are employed based
on the type of TMDs being grown. For instance, sulfur or selenium is used in the first zone of the
CVD chamber and heated to around 200 °‘C or 400 °C. In the second zone of the reactor, a metal
oxide, such as MoOs or WOs3, is employed and heated up to 800 °C to provide the transition metal

source.

Figure 2.11: (a) Illustration of a modified CVD process. (b) Microscopic image of an ECF with distinguishable as-
grown monolayer and few-layer MoS,.

Figure 2.11a shows the schematic of the modified CVD process. The fiber was fixed on a silica
substrate so that the exposed side is upward oriented, while the gas flow was controlled via a mass
flow controller, and the position of ECF was carefully adjusted to optimize the effective coating

region. Argon gas is used to carry the sulfur precursor from the first zone to the second zone, where
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MoOs3 or WOs is located. Hydrogen is introduced as an element of the reaction process when the
temperature of the second zone reaches 750 “C. The formation of MoS> and WS> happens at the
downstream side of the second zone. Figure 2.11b demonstrates the conformal growth of MoS»
crystals on an ECF. The bright triangles are multilayer MoS>, whereas the grey triangles are
monolayers. Due to the difference in the refractive index and thickness between a multilayer and a
monolayer, the monolayer can be distinguishable under a normal optical microscope by observing
the color [8]. In this case, the fiber was high-density coated with MoS; crystals. By adjusting the
position of the optical fiber in the reaction zone and the flow rate of the precursor, the density
coating could be partially controlled. Different kinds of monolayer TMDs such as MoS,, WS,
WSe», and MoSe» have been grown successfully on ECFs, and details can be found in Appendix E
of this thesis. In this research work, it was impossible to grow monolayer TMDs only on the core
region from the powder precursor. However, this difficulty may be solved by controlling the

location of the liquid precursor only on the core region using micro-molding in capillaries [193].
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3.1 Atomic force microscopy

Atomic force microscopy (AFM) is one of the most powerful tools to examine the morphological
structure of as-grown MoS; on the fiber because of its high vertical resolution, albeit the curved
surface of the fiber induces some difficulties. Hence, AFM measurements were carried out over a
mapping area of roughly 10 um x 10 pm to perform the characterization. These AFM
measurements were conducted with the Ntegra system (NT-MDT) at ambient conditions using n-
doped silicon cantilever tips (NSGO1 from NT-MDT with a tip radius smaller than 6 nm). The
tapping mode was used for AFM imaging.
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Figure 3.1: (a) Atomic force microscopy image of a typical monolayer MoS; on the fiber core. (b) The height of the
monolayer is measured along the blue line in (a). Figure is adapted from [146].

A typical MoS;-coated ECF has been selected to measure the thickness of as-grown flakes on the
core region. Figure 3.1a displays the topological map, where a triangular flake can be seen in the
center of the image. The size of a triangular TMD flake is around 7 pm. There are some
contaminations near the flake because the ECF has been used in a normal lab environment for a
long time before this AFM measurement. The height of the crystal was determined by measuring
the profile along the blue dashed line, as marked in Figure 3.1a. Figure 3.1b reveals that the height
of the flake is 0.7 nm crossing the boundary, which is the thickness of a monolayer TMD [9]. This

evidence has confirmed the successful growth of monolayer MoS; in the core region.

3.2 Raman spectroscopy

Raman spectroscopy is a versatile technique to obtain valuable chemical information regarding the
crystal structures based on the vibrational and rotational modes in materials [194-196]. This
technique is quick, convenient, and non-destructive and has been widely used for characterizing

2D materials [160, 194-198]. Raman spectrometer can operate at room temperature and ambient
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conditions. This device can measure not only Raman signals but also PL spectra, making it more
convenient for users [199]. There is no special requirement in the sample preparation with Raman
spectroscopy. Molecules in the sample will be excited by the chosen laser light source, and Raman

scattered light will be filtered out by optics in the spectrometer to show a Raman spectrum.

Figure 3.2 shows that different types of scattering processes can happen when a photon interacts
with a molecule. When photons interact with molecules, the energy of photons is transferred to
electrons in molecules and promotes them to a short-lived higher energy state, often called a virtual
energy state. Because this state is unstable, the excited electron will quickly return to the initial
ground state. The radiative relaxation of the excited electron to the ground state will emit a photon.
In most cases, the incident photons interact with electrons in the molecule without any energy
change, and hence, the scattered photon has the same energy as the incident photon. This elastic
process is called Rayleigh scattering. The only change in the Rayleigh scattering is the propagation
direction of photons. In a much lower probability, the scattered photon has different energy from
the incident photon, and this inelastic process is called Raman scattering [194, 200]. The Raman
scattering is divided into Stokes and anti-Stokes processes. The Stoke process happens when an
incident photon transfers its energy /wi to the molecule and creates another electron-hole pair. The
recombination process of this electron-hole pair creates a phonon and an emitted photon with a
slightly lower energy Zws. Here, the total energy is conserved (Zwi = A + hws, where A€ is the
phonon energy). On the other hand, if a phonon couples to an incident photon during the light-
matter interaction process, the emitted photon after the recombination process has an increased
energy because /iwas = /i + hw;. This is the anti-Stokes process. In the Raman spectrum, the energy
difference between the incident and the scattered photons is called the Raman shift, and the unit is

often displayed in cm!.
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Figure 3.2: Illustration of Raman and Rayleigh scattering processes when light interacts with a molecule.

Raman spectroscopy is a reliable method to characterize 2D TMDs as well as to identify unknown

substances and monitor the change in molecular structures and crystallinity such as strain, charge
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doping, and defect types. The number of Raman modes is different for odd- and even-numbered
layers of 2D TMDs, and the shift of Raman modes is expected when there is a transition from bulk
to monolayer limit [160, 194-198]. Two dominant peaks, the E>; mode and the Ajg mode, in the
Raman spectrum of MoS; crystals originate from the in-plane vibration of Mo-S bonds and the out-
of-plane vibration of S atoms, respectively [197, 198]. The separation in Raman shift between the
two modes is often used to identify the layer number of MoS,. The Ez; and Ajg modes experience
red and blue shifts in the Raman spectrum, respectively, when the thickness decreases from bulk
to monolayer. As a result, the separation between the two modes increases from around 20 cm™ for
monolayer MoS> to 25 cm™ for bulk MoS,[160, 167, 192, 197]. The evolution of these modes also
takes place in WS, MoSe;, and WSe: crystals [160, 196].

Intensity (a.u.)

370 380 390 400 410 420
Raman shift (cm™)

Figure 3.3: Raman spectrum of an as-grown monolayer MoS, on the fiber core.

Here, the crystal was characterized by a Senterra Raman spectroscopy by Bruker operated in
backscattering mode with a 532 nm excitation, obtained from a frequency-doubled Nd:YAG laser,
a 100x objective, and a thermoelectrically cooled CCD detector. The system has a spectral
resolution of 2 cm™!. Figure 3.3 shows a typical Raman spectrum of the MoS; crystals on the fiber
core. There are two dominant peaks in the Raman spectrum at the Ez, mode at 385 cm™ and the
A1z mode at 405 cm™ for the as-grown MoS,. This mode separation of 20 cm™ is expected for
monolayers [167, 192, 197]. Together with AFM measurement, Raman spectroscopy
measurements further confirm the successful growth of MoS,; monolayers in the core region of

ECFs.

3.3 PL spectroscopy

Photoluminescence is a phenomenon that happens when an electromagnetic radiation (photon) is
absorbed by a medium and emitted again after some time at slightly lower energy (luminescence).

Figure 3.4 illustrates that photons with enough energy are absorbed by electrons in the medium,
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and these electrons are excited to higher energy and vibration states (S; and S»). S; and S; are the
singlet excited states where the excited electron has the spin in pair with the electron in the ground
state. Conversely, T1 and T are the triplet excited states, where excited electrons have the same
spin as the electrons in the ground state. According to the Pauli exclusion principle, the transition
of electrons from a singlet state to a triplet state is forbidden since a pair of electrons in the same

energy level cannot have the same spin. The duration for the absorption process is typically on a

femtosecond.
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Figure 3.4: Jablonski diagram. Figure is adapted from [201].

There are two main ways for electrons to relax from a high-energy level to the ground level, such
as non-radiative and radiative processes. In the case of a non-radiative process, an electron in the
S1 and S: states relaxes to a lower excited state either by internal conversion or by intersystem
crossing to triplet states. In this process, the energy of electrons is partly transferred to the vibration
of the lattice (phonon), and heat is generated in the system. In the case of a radiative process,
electrons return from the excited state to the ground state to recombine with holes, and then photons

are emitted by this relaxation process in a picosecond or nanosecond timescale [201, 202].

PL emission can be further divided into two major groups: fluorescence and phosphorescence. The
main difference between the two groups is the duration between the absorption and emission of
photons. The time range for a fluorescence process is from femtoseconds (fs) to microseconds (us),
whereas the phosphorescence process occurs in a time window of milliseconds (ms) to hours [201,
202]. From the diagram, fluorescence emission takes place with singlet excited states, and this
process is not forbidden and hence can happen in a short time. Because the excited electron
experiences a non-radiative relaxation (internal conversion) before recombination with the hole,

the emitted photon from fluorescence has lower energy than the incident photon. The transition
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from a triplet state to a singlet state requires a change of spin, leading to a longer time scale for

phosphorescence. In the case of 2D TMDs, fluorescence emission is the main process.

PL spectroscopy is a very useful technique to characterize the optical and electronic properties of
materials. This technique is also quick, convenient, and non-destructive and thus has been used
widely to examine 2D materials [7, 8, 14, 15, 125, 131, 135, 161, 166, 192]. Based on the
characteristics of PL spectra, one can obtain information about the band structure (direct versus
indirect), crystallographic structure (crystal size, orientation, phases, thickness), and optoelectronic
phenomena such as the exciton of 2D TMDs. PL measurement can be conducted at ambient
conditions without any special requirements from sample preparation. A laser source is commonly
used in PL spectroscopy. As discussed in Chapter 2, the monolayer TMD has a bandgap; therefore,
the incident photons need higher energy than the bandgap to interact with crystals.
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Figure 3.5: Confocal fluorescence imaging microscopy from Picoquant Microtime 200 to characterize monolayer
TMDs grown on planar substrates and ECFs. LPF: long-pass filter. SPAD: single-photon avalanche diode.

To characterize as-grown monolayer TMDs on the planar substrates and carry out the PL mapping
on the fiber core, we have used a grating spectrometer (Horiba Jobin Yvon Triax). Figure 3.5
illustrates the fluorescence imaging microscopy that has been used. This device can scan the sample
in XY, YZ, and XZ planes which can help us to confirm the direct deposition of monolayers on the
exposed core. By using a high magnification objective from 60x to 100x, we can observe the
orientation and size of as-grown monolayers on the core region. In this fluorescence imaging

microscopy setup, a pulsed laser at 530 nm has been used to stimulate the PL emission of monolayer
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TMDs, and an Andor spectrometer with a Si-cooled CCD camera was used to record the spectra

from the measured samples.
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Figure 3.6: The through-fiber PL spectroscopy setup to investigate the interaction between monolayer TMDs and
guided modes. ND: neutral density. BPF: band-pass filter.

Although the fluorescence imaging microscopy setup is very useful to examine the properties of
monolayer TMDs on planar substrates or as-grown monolayers on ECFs, it does not support an
investigation of light-matter interaction via guided modes. To demonstrate the exciton excitation
and PL collection through the fiber, a self-built PL spectroscopy setup has been utilized, as
displayed in Figure 3.6. Here, a continuous wave (CW) laser (Lighthouse Photonics Sprout) at 532
nm was coupled to the fiber core with the support of a visible camera. The coupling of the excitation
light source into the fiber was manually handled by a three-axis Nanomax flexure stage. The signal
was recorded by a Horiba grating spectrometer. To measure the filling factor of as-grown
monolayers on ECFs, a Zyla plus 4.2 camera was mounted on a translation stage to collect the PL

emission from the core region. This stage can travel along the fiber length.

3.4 Transmission spectroscopy

UV-VIS spectroscopy is a technique to measure the absorption or transmission of matter in the
ultraviolet-visible region. Although transmission and absorption spectra provide the equivalent
information, the interpretation is different. The transmission spectra will have the maximum
intensity at the spectral range where the absorption is the lowest. Meanwhile, the absorption spectra
will have the maximum intensity at the spectral range, where the absorption is the highest. Some
other factors, such as reflection and scattering, may involve in the transmission process. If such
factors are constant during the measurement, the transmission or absorption spectrum still gives
meaningful information about the absorption of matter. In the technique with transmission
spectroscopy, a broadband light source is usually used to get the absorption of a sample as a
function of wavelength. As we know from the band structure of monolayer TMDs, only the incident
photon with enough energy can excite the electrons to create electron-hole pairs. In other words,

only high-energy photons will be absorbed by the monolayers. Using that fact, the transmission of
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the 2D-coated fibers can be characterized and compared to the bare fibers with identical lengths to
extract information about the absorption of as-grown monolayers on the fiber core. This
measurement reveals the excitonic absorption peaks of monolayer TMDs when a part of the
excitation light source is absorbed to excite electrons from the ground state to the excited state. The
transmission spectroscopy was performed using the setup in Figure 3.6, but the light source is a

fiber-coupled LED white light MWWHEF2 from Thorlabs).

To calculate the transmission spectra of 2D TMD-coated ECF at an arbitrary wavelength, the

following formula was used

Isl
Ty (%) = 100 (—) (3.1)

Iy

where I, is the transmitted light intensity at the output of a 2D TMD-coated fiber, I, is the
transmitted light intensity at the output of an identical bare fiber. Both I, and I;, are the net

contribution from the fiber after correcting the background.
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4. In-fiber exciton excitation and PL collection

4.1 Experimental results

Before characterizing the excitonic properties of monolayer TMDs grown on ECF, we examined
the PL emission from the monolayer MoS, grown on a planar SiO> substrate. This sample was
grown together with ECFs by the CVD process to give us an insight into the influence of the
substrate on the excitonic properties of as-grown monolayers. Using the fluorescence imaging
microscopy setup in Figure 3.5, Figure 4.1a displays the PL mapping from MoS2 monolayers grown
on a Si0,/Si substrate. The monolayers have a crystal size of around 10 um, and the PL emission
is fairly homogeneous within the crystal boundary. Figure 4.1b shows the PL spectrum from a
monolayer with pronounced A and B excitons at 678 nm and 625 nm, respectively. These values
are consistent with reported work using the same CVD process [192] and agree with reported values
from the exfoliated monolayer MoS; [8]. This agreement confirms the high quality of monolayer
MoS; from the CVD method. This PL spectrum will be used as a reference to compare with the

exciton characteristics of monolayer MoS» on ECFs to give us a thoughtful evaluation of the quality

of as-grown monolayers on ECFs.
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Figure 4.1: (a) PL mapping from an area of MoS, grown on SiO»/Si substrate. (b) PL spectrum from a typical
monolayer MoS; in (a) under the excitation of 530 nm pulsed laser.

Figure 4.2a illustrates the fundamental concepts of our waveguide system with embedded 2D
materials. Here we want to establish a new integrated photonic platform through the scalable
integration of high-quality TMD crystals on the ECFs [203]. In this demonstration, monolayer
TMDs such as MoS> and WS» have been coated on the upper surface of the fiber core by a modified
CVD process. The excitation light source was coupled to the fundamental modes (FMs) of the
fiber. The evanescent field from the guided modes interacts with the TMDs and excites charge
carriers to emit PL. Each monolayer TMDs may act as a distinct photon emitter and emits PL light

both in the free space and coupled back into the fiber modes. As a result, the PL emission through
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4. In-fiber exciton excitation and PL collection

the hybrid system is the incoherent sum of all photon emissions from active monolayers and the
fiber itself. There are two ways to collect the PL emission, either from a single crystal in free space
or from the sum emission through the guided modes. To stimulate the PL emission, the incident
photons should have higher energy than the band energies of the exciting materials, which are

around 1.9 eV for the monolayer MoS; and 2.0 eV for the monolayer WS,.
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Figure 4.2: The illustration for the concept and fiber characterization. (a) The schematic diagram of the work concept
for in-fiber PL. (b) Scanning electron microscopy of the fiber core region to show the exposed surface. (c¢) Electric
field distribution of the fundamental mode inside the fiber core to show the evanescent field. Figure is adapted from
[146].

Figure 4.2b displays the cross-section of the fiber’s core area. The image was taken by an SEM to
obtain precisely the geometry of the fiber core. This geometry was employed for simulation in
Comsol Multiphysics for mode analysis, mode overlap, phase matching, and other numerical
calculations. The fiber has a core diameter of around 2 pm surrounded by two air holes at the
bottom and one open access on the top surface. The entire fiber is made of fused silica. The
monolayer TMDs will be deposited on the exposed surface with a random distribution and
orientation. From the cross-section of the fiber, the silica core with a refractive index of 1.46 at 532
nm [204] is well isolated by three air regions with a refractive index of 1.0. Therefore, the
electromagnetic field will be tightly confined inside the silica core by the total internal reflection,
except for a small amount of evanescent field localized near the interface. This evanescent wave is
located outside the core and decays exponentially with the distance from the air-silica interface.

However, monolayer TMDs are so thin that they can interact efficiently with this field if they are
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deposited directly on the exposed surface. Figure 4.2¢ shows the electric field distribution within
the fiber core region. The main flux of energy is located at the core center, while a small amount
of energy leaks out of the core and is guided as the evanescent field. The portion of the evanescent
field is larger for longer excitation wavelengths. By depositing monolayer TMDs directly on top

of the fiber core, the evanescent field can interact efficiently and excite the PL emission from the

monolayers.
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Figure 4.3: (a) XZ scanning of an MoS,-coated ECF. (b) Top view PL mapping from the coated ECF. Dashed lines
indicate the core region. (¢) PL spectrum from a typical monolayer MoS; in the subfigure (b). Subfigure (a) is adapted
from [146]. Subfigures (b-c) are adapted from [205].

First of all, we used the fluorescence imaging microscopy setup in Figure 3.5 to demonstrate the
direct contact between the monolayer MoS; and the fiber core. Because only the monolayers on
the fiber core can interact with the guided modes, this demonstration is greatly important for the
success of the concept. The fiber was fixed on the specimen table, and the laser beam was focused
by a 100x objective on the bottom of the trench. The spatial resolution is expected to be around
400 nm. The map was obtained by moving the objective in the XZ plane perpendicular to the fiber
groove. For ease of presentation, the fiber cross-section from PL mapping was superimposed with
an SEM image of the identical fiber (Figure 4.3a). The bright emission from the core region is
reliable evidence for the successful deposition of high-quality MoS, monolayers and proved the
direct physical contact between the atomic monolayer and the boundary of the core. The emission
from the fiber was negligible compared to the monolayer MoS> and the PL emission peak from
monolayers was distinct. The unphysical extension of PL light downwards at the core is due to the

diffraction of the light when it was collected by a confocal pinhole aperture.

To observe the morphology of monolayers, we switched to performing the PL mapping along the
fiber length in the XY plane (Figure 4.3b). By moving the objective along the fiber, the crystal size
and orientation of monolayer MoS; were clearly seen with a typical triangular shape. The PL signal
was detected by a single-photon avalanche diode after passing through a set of long-pass filters.
Figure 4.3¢ reveals the PL spectrum from a monolayer MoS; exhibiting A and B excitons fitted by
the dashed blue and cyan lines. The excitons have the typical peaks at 677 nm and 613 nm with the
full width at half maximum of around 45 nm for A and B excitons, respectively. These
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characteristics are almost similar to the monolayers grown on the SiO> substrate in Figure 4.1b. It
has proved that growing monolayer TMDs on ECF can maintain the high quality of these materials

without bringing extra strain compared to growing on the planar substrate.

In the next step, we want to conduct the optical measurement through the fiber modes using a self-
built PL spectroscopy setup (Figure 3.6). For the experiment with PL, an uncontrolled polarization
532 nm CW laser has been used, whereas a fiber-coupled LED white light was employed for
transmission measurement. There are two ways to examine the PL emission in this work: in the
free space and via the guided modes. In the former case, a camera will be mounted on a translation
stage that can move along the fiber length and collect the PL emission via a 10x objective imaging
system from every single monolayer on the fiber core. In the latter case, the fiber core will be

imaged onto a Horiba spectrometer to collect the PL emission through the fiber modes.
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Figure 4.4: The through-fiber characterization. (a) False color image of PL emission from an MoS,-coated ECF after
excitation of a 532 nm CW laser. The cross-sectional image is the fiber facet recorded by the same camera. (b)
Normalized PL spectra of MoS, and WS,-coated ECFs excited by a 532 nm CW laser. (¢) Transmission spectrum
through an MoS,-coated ECF excited by a fiber-coupled LED white light source. The inaccuracy for A > 700 nm is
affected by the relative low power of the light source in this spectral range. Figure is adapted from [146].

Figure 4.4a displays the PL light leaving the fiber core after passing through a set of long-pass
filters to remove the signal from the laser excitation. This PL emission from the core is
superimposed with a cross-section image of ECF. The tight confinement of emitted PL in the core
region demonstrates that there is no collected emission from the cladding or other parts of ECF.
Figure 4.4b exhibits the PL spectra of an MoS: and a WS;-coated ECF with the PL emission peaks
at 622 nm and 678 nm, respectively. The full width at half-maximum is about 43 nm for MoS: and
48 nm for WS,. These values are analogous to the spectrum collected from a monolayer MoS»
emitted in free space in Figure 4.3c. It has proved that the ECF is a versatile platform to excite and

collect PL via fiber modes, hence paving a novel way to in-fiber PL and fiber-based sensing.

Figure 4.4c shows the transmission spectrum of MoS>-coated fiber in comparison with an identical
bare fiber with the same length. The formula calculation of the transmission spectrum is from
Equation 3.1. There are two absorption peaks (transmission troughs) at 671 nm and 619 nm which
are ascribed to the resonance of A and B excitons from the monolayer MoS,, respectively. The

experimental data is put together with the extinction coefficient of the monolayer MoS; from the
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Figure 4.5: Characterization of TMD-monolayer distribution and crystal size. (a) Schematic setup to illustrate the
sideways PL-characterization along the fiber. The gray areas on the fiber are inaccessible due to the fixing of the fiber
holder. The scanned region is marked in blue. (b) The compound image from the accessible 18.3 mm-long section of
an MoS,-coated ECF. The bright spots are the collected PL emission from active monolayers on the fiber core with an
excitation of a 532 nm CW laser. There are 39 distinct peaks with a total length of 0.99 mm, corresponding to a
coverage of 5.4 %. (c¢) The length of measured PL peaks versus the brightness. The average peak has the length of 29.5
pm. Subfigures (b-¢) adapted from [146]. (d) The compound image from the accessible 35 mm-long section of an
MoS;-coated ECF. The bright spots are the collected PL emission from active monolayers on the fiber core excited by
the identical laser. The total length of accumulated bright spots is 15.1 mm, corresponding to a coverage of 43.4 %.
Subfigure (d) adapted from [205].

literature [206] for comparison. The discrepancy in the excitonic resonances between the
monolayer MoS; on a planar substrate [206] and our monolayer MoS: on ECF is likely due to the
difference in substrates, measurement, and the growth method. The monolayer MoS> in the
literature [206] was transferred on a SiO»/Si substrate, and a deterministic measurement of the
permittivity in a scheme of ellipsometry was carried out. In the case of monolayer MoS> on silica
ECF, the monolayers were grown directly, and the excitonic resonances were observed by the
stronger absorption of the transmitted light compared to off-resonant wavelengths. The observation

of the exciton species in the transmission is empirical evidence for the strong light-matter
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interaction of MoS2 monolayers. This technique can be used to monitor the dynamic change of

exciton characteristics in contact with an opening environment, for example, in gas sensing.

For further understanding of the statistics of active monolayers on the fiber core, a lateral PL
mapping was performed, as shown in Figure 4.5a, using the PL spectroscopy setup. The TMD-
coated ECF was fixed on a fiber holder and coupled with a 532 nm laser beam. A translation stage,
including a camera, a set of long-pass filters, and a 10x objective, moved longitudinally throughout
the fiber and focused on the bottom of the fiber groove. We have to emphasize that there are two
“levels” in the growing process on ECFs. In the first phase, we could grow only a low-density
coating of the monolayer MoS> on the fibers. After some improvement, we were able to
functionalize ECFs with high-density coated monolayers. In Figure 4.5b, a low-density coated ECF
was investigated first. Scanning results are a compound image of PL emission from an 18.3 mm-
long section and are presented in five subsections. We found 39 distinct MoS;-monolayers with a
cumulative length of 0.99 mm observed from this specific fiber. The average length of each crystal
is 29.5 pm with a filling factor of 5.4 %. A threshold of brightness was set to exclude the noise
level and count only the spots with values over this threshold as PL-active monolayers. Figure 4.5¢
reveals the connection between the accumulated brightness and the length of the active crystals.
The linear behavior means that the material quality is independent of the crystal size. In other

words, the PL quantum yield of grown monolayer MoS; is homogeneous.

In the latter batch of fibers, the growth process has been improved to obtain a higher density of
monolayer TMDs on the fiber core. Using the identical setting an MoS:-coated fiber with a length
of 40 mm has been investigated. A total length of approximately 35 mm has been measured by
collecting the PL emission from as-grown monolayer MoS; on the core region. The PL mapping
along the fiber is displayed in Figure 4.5d as a compound from 10 distinct stacked images. The
analysis of collected PL as bright spots from the camera after filtering out the laser excitation
reveals a total length of 15.1 mm of monolayers. This emission length corresponds to a coverage
of 43.4 %, which is almost eight times higher than previously coated fibers in Figure 4.5b. This
optimization enables us to obtain a higher filling factor and extend the interaction length of the

functionalized ECFs.

4.2 Summary of the results

In this chapter, we have shown that monocrystalline TMD, such as MoS; and WS, can be grown
directly on the ECF core without any manual transfer. The optical properties of monolayer TMDs
on ECF are virtually unchanged in comparison with those grown on the planar substrate. Hence,

the modified CVD is a versatile method to functionalize the exposed core of the optical fibers with
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2D materials. The combination of CVD with ECF creates a new platform to investigate the
excitonic nature and exploit the optoelectronic properties of 2D materials in a scalable manner.
Here, the coated ECF has demonstrated its function with the excitation of excitons and the
collection of PL via the interaction between monolayer TMDs and the evanescent field of guided
modes. This approach may be suitable for remote sensing schemes based on photoluminescence
and transmission spectroscopy. Additionally, the higher density coating of TMDs on the ECF might
increase the sensitivity and selectivity of the fiber-based sensors. Our effort to increase the filling
factor of TMD-coated ECF is a stepping stone to bringing this approach closer to a fully

controllable and scalable process.

Because the dynamics of excitons, for instance, a transition from bright excitons to trions and vice
versa, will be varied by the charge transfer process of active monolayers and the surrounding
environment. This mechanism can be employed to detect the target gases. The sensitivity is
supposed to be proportional to the interaction strength of gas molecules and TMDs, hence longer
interaction length or higher mode overlap is highly sought-after. The former case can be done by
different growth techniques to achieve a higher filling factor, for instance, by predetermining the
location of grown monolayer TMDs [193]. The latter case requires some modification of the fiber
geometry or structure, for instance, by a dielectric thin film coating or with a smaller fiber core.

Experimental and theoretical data for the charge transfer process will be discussed in Chapter 5.

Remarkably, monolayer TMDs have been demonstrated to support long-lived dark exciton, which
is spin forbidden, such as triplet state [207-210]. These excitonic species might find potential
applications in information processing and communication [211]. Wang ef al. have used a high NA
objective to collect the intrinsic PL from this out-of-plane dipole [212]. As a new approach, the
dark exciton excitation can be investigated by TMD grown on ECF because our fiber supports the
out-of-plane polarized wave propagation to the -crystallographic plane. The successful
demonstration of in-fiber exciton excitation and PL collection opens a new door to single-quantum
emission sources [87, 90] embedded in ECFs. The function of these single photon emitters (SPE)
is based on the defect states in monolayer TMDs grown on SiO2/Si substrate. So far, there is no

investigation of such SPEs on ECF, hence we can expand this field of research.
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5.1 Fundamentals of gas sensing

In previous chapters, microstructured optical fibers [213], particularly ECFs, have shown their
ability as a promising photonics platform to grow 2D materials for exciton investigation and
photoluminescence collection. In terms of optical sensing, microstructured optical fibers are highly
attractive because of their low loss, long interaction length, scalability, and small volumes together
with freedom in architecture design [214-219]. For microstructured optical fibers that are working
based on the evanescent field, the sensitivity is resolved by the field overlap between the guided
modes and the sensing medium and thus is strongly affected by the structure of the optical fiber.
For example, the mode overlap is reported as high as 0.1-0.2 % for D-shaped fibers [214], 5.2 %
for photonic crystal fibers [215], 6.5 % in multi-core optical fibers [216], and up to 95 % in hollow-
core photonic fibers [220]. The low overlap value in a D-shaped fiber is ascribed to the large
distance from the fiber core to the air-silica interface where the sensing material is deposited on.
The light-matter interaction in the cases of photonic crystal fiber, multi-core fiber, and hollow-core
fiber has been increased due to the high number of cores, hence, boosting the interaction area
between the sensing target inside the air holes and the guided modes. Another approach to increase
the power fraction is using the microstructured optical fiber with an embedded nanowire core [221],
which can reach up to 70 %. This strategy can apply to different geometries in the family of
microstructured optical fibers. Although the aforementioned fibers have a substantial field overlap,
nevertheless, they are still limited to practical applications. These suspended-core fibers need a
long time to fill the core and have a slow response time. For instance, the filling time can take about
7 hours for gas diffusion [222], around 100 minutes for water filling along a 1 m-long fiber [223],
and more than 4 hours to fill a 0.5 m-long fiber with isopropanol [217]. This disadvantage makes

suspended-core fibers inappropriate for real-time sensing in practice.

A fast-response sensing fiber is, therefore, highly desired. Here, ECFs with high transmission from
UV to NIR enable fast response and hence open up a versatile platform for biochemical and gas
sensing applications [144]. Remarkably, an ECF needs about one second to reach the maximum
fluorescence, while a suspended core fiber requires 70 minutes in the same condition [224]. Thus,
ECF is more appropriate for real-time sensing. In most cases, ECF plays a role as a substrate, while
the sensing is performed by fluorophores. The viability of the ECF platform for sensing has already
been demonstrated for nitric oxide [225] and salinity [226]. Also, theoretical models of ECFs for
fluorescence and absorption-based sensing with liquid have been studied, leveraging the

applicability of ECFs [227]. Furthermore, the evanescent field of ECFs can be enhanced by the
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incorporation of a polymeric analyte layer [228]. Most previous works used organic dye or quantum
dots as fluorophores, which exhibit phototoxicity and photo-bleaching. Moreover, the short lifetime
of such organic fluorophores in the non-aqueous environment is another disadvantage for practical
applications. The photo-bleaching of the fluorophores will reduce the stability and precision of

Sensors.

Recently, Motala et al. have demonstrated selective chemical sensing using thin-film MoS;-coated
optical fibers employing transmission and excitons [229]. In their approach, a 10 nm-thin film was
coated over the top surface of glass fibers by a magnetron sputtering. By monitoring the loss in
transmission spectra in the visible range of the MoS>-coated fibers, they can detect different
aliphatic and aromatic compounds, for example, the detection of aniline down to 6 ppm. The
mechanism is attributed to the absorption or scattering of the excitons leading to the change of

transmission spectrum.

The emergence of 2D materials-based sensors [230] arises from the conformal growth of such high-
quality crystals on various substrates by the weak van der Waals force [146, 205, 231]. There is a
great demand from public health and industry in monitoring toxic gases and aqueous solutions
without direct contact. The value of adsorption energy is an important parameter to quantify the
interaction strength between gas molecules and monolayer TMDs. This interaction can be in the
form of adsorption or desorption of gas molecules on the monolayer’s surface [232, 233]. Some
gases can donate electrons to TMDs’ electronic bands, whereas other gases can receive electrons
from TMDs [91-94, 230]. The acceptance or depletion of electrons in monolayer TMDs leads to
the change of major charge carriers in TMDs. For example, the monolayer MoS,, an n-type
semiconductor, will gain more electrons if it receives charges from gas molecules. In contrast, the
monolayer MoS; will lose electrons and have more holes if it donates charge carriers to gas
molecules. Because an exciton is the bound state of an electron-hole pair, and a trion is the bound
state of three charges (two electrons and one hole or two holes and one electron). Any charge
transfer process can result in the variation of charge carriers in the monolayer TMDs.
Consequently, the PL or absorption spectra of monolayer TMDs will vary, and it is the main way

to detect gases.

The binding energy between gas molecules and the monolayer MoS>’s surface can be calculated
using the density functional theory [95]. The adsorption of gas molecules such as O>, NO,, and NO
molecules can vary the dielectric constant of monolayer MoS> [96]. Tongay et al. have
demonstrated that the PL signal of exfoliated monolayer MoS: increases 10x, 35x, and 100x when

exposed to Oz, H>O, and a combination of O> and H>O in a vacuum chamber, respectively [233].
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Hence, one may detect the presence of these gases by analyzing the PL signal. However, the PL of

monolayer TMDs is also found to be highly susceptible to the substrate [234].

C) multilayer
PL emission

NH; molecule

Bas i

monolayer

MoS, monolayer

11.0

10.8

10.6

10.4

PL Intensity (a.u.)

Excitation 532 nm laser 10.2

0.0

500 600 700 800 900
Wavelength (nm)

Figure 5.1: (a) [llustration of the sensing based on monolayer MoS; deposited on exposed-core fibers. (b) Microscopic
image of a typical MoS,-coated ECF used for sensing. (¢) PL from an MoS,-functionalized ECF under the excitation
of 532 nm CW laser coupled into the fiber core.

In this work, we show that TMD-coated ECFs maybe suitable for highly sensitive optical remote
sensing with fast response times. More specifically, monolayer TMDs on the guiding core of ECF
were used as active sensing elements. The high surface-to-volume ratio of 2D materials is a plus
to increase the sensitivity. Additionally, monolayer TMDs have better PL stability and
biocompatibility than organic fluorophores [235, 236]. The functionalized ECFs employ the charge
transfer mechanism between monolayers and gas molecules for the detection, and the moderate
adsorption energy keeps the gas molecules adsorbing on the surface of TMDs but does not require
heating for gas removal. The deposition of high-quality monolayer TMDs on the fiber’s guiding
core yields a highly dense coating of single crystals TMDs over lengths of a few centimeters. Thus,
a long light-matter interaction length can improve the sensitivity and selectivity of this hybrid
system. TMD-coated ECFs have proved that they can maintain the high PL quantum yield of as-
grown monolayer TMDs, therefore, it can be assumed that the massive interaction length of TMD-

coated ECF is a substantial advantage for future large-scale integration of micro-biosensors.

Figure 5.1a exhibits the fundamental concept of fiber-based sensing. The excitation coming from
a visible CW laser is coupled into ECFs functionalized with monolayer MoS, by CVD. The high-
quality monolayers grew directly on the waveguide to provide a high-quantum yield of PL from
optical fibers. The charge transfer process between analyte molecules and MoS> monolayers will

vary the concentration of charge carriers in the monolayers due to the doping process. It will lead
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to the variation of the PL intensity of the hybrid waveguides. Figure 5.1b displays the MoS»
monolayers with a size of roughly 50 um grown on the ECF for gas sensing measurement. Some
bright spots in the center of MoS» flakes are bulk or multilayers. The change in optical contrast
between different crystal thicknesses can help to recognize monolayers under an optical
microscope. To demonstrate efficient PL emission of an ECF functionalized by high-quality MoS»
monolayers through the fiber mode, we first coupled a green laser with a wavelength of 532 nm
into the fiber core. The fundamental wave interacts with MoS» coating via the evanescent field to
excite excitons. PL emission originating from the monolayer TMDs is either emitted into free space
modes or coupled back into fibers modes. Since the sum of incoherent PL emission through the
fiber mode is much greater than PL emitted from a single monolayer, we monitored only the PL
via the fiber mode. Figure 5.1c displays the recorded spectrum from a typical MoS»z-coated ECF.

They exhibit characteristic exciton peaks at 678 nm, as expected for the monolayer MoS,.

5.2 Charge transfer process

There are two key factors in the sensing mechanism: the adsorption energy and charge transfer
process between monolayer TMD and gases. Furthermore, the band structure of monolayer TMDs
in contact with the gases has been theoretically investigated to have more insights into the influence
of the gas-based dopants. Yue ef al. have calculated the band structure of pristine monolayer MoS,,
and from the theoretical calculations presented in [237], the authors derive that MoS; has a direct
bandgap of 1.86 eV at the K point in the first Brillouin zone displayed in Figure 5.2a. The band
structure, including the conduction and valence bands, is virtually unaffected by the adsorption of
numerous gases such as NH3z, CO, NO, and NO», except for additional energy levels introduced by
the gas molecules. While NO introduces three impurity states (two occupied states from the up-
spin band and one occupied state from the down-spin band) into the bandgap, as in Figure 5.2b,

NO: introduces only one occupied state from the down-spin band, as shown in Figure 5.2c.

An important parameter to quantify the sensing performance between a gas and monolayer TMD
is the adsorption energy and given as

Eaq = EMos,+gas — (EMos, + Egas), (5.1)
where Ejos,+gas 18 the total energy of monolayer MoS: and adsorbed gas molecules in the
optimized configuration, Eys, 18 the total energy of the pristine MoS», and Eg,s is the total energy
of the isolated gas. If E,q < 0, the total energy of the gas and MoS; after the adsorption process is
less than the sum of energy of each isolated component, then the process is exothermic. The
negative value of adsorption energy shows the energetically favorable status, and the adsorption

process is likely to take place. The van der Waals force is the dominant contributor to the adsorption
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energy, and hence, the magnitude of the adsorption energy will increase if the van der Waals force
is included in the calculation [95]. Note that the adsorption energy here is calculated at 0 K without

any external thermal energy.
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Figure 5.2: Band structures of different systems. (a) pristine MoS,, (b) NO-adsorbed monolayer MoS,, and (¢) NO»-
adsorbed monolayer MoS,. The black (red) line corresponds to the up-spin (down-spin) bands, whereas the dashed
green line indicates the Fermi level. Figure is adapted from [237].

The mechanism of gas sensing with 2D materials is comprehensively based on the doping
properties of the gas. To enable the charge transfer, the gas molecules should be bound to
monolayers indicated by the sign and magnitude of adsorption energy. Zhao et al. have shown that
many gases such as CO, NH3, NO, NO», H>0, N, and SO> tend to adsorb on the monolayer MoS,
surface, which is necessary for gas sensing with TMDs [95]. Figure 5.3 displays the adsorption
energies between the monolayer MoS, and various gases. All gases show negative adsorption
energy to the monolayer surface. Amongst them, NO and NO> have greater adsorption energies in
absolute value than others, suggesting that these gases can bind strongly to the monolayer surface
and can lead to an effective interaction. The first principle calculations in Figure 5.3 have been
performed using Density Functional Theory (DFT) employing the Vienna ab initio simulation
package. All calculations, for instance, band structure, adsorption energy, and charge transfer, are
simulated based on Perdew, Burke, and Ernzerhof (PBE) functionals.

Another key parameter of the sensing process is the quantitative charge transferring between the
absorbates and the host material. If a gas molecule can donate or accept more electrons from
monolayer TMDs, it can be possible to detect the gas at a low concentration because the modulation
of PL intensity is still significant. Yue et al. have calculated the charge density difference for

various gases-MoS; systems using the formula

Ap = PMos,+gas — (pMoSZ + pgas)' (5.2)
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where PMos, +gas

is the charge density of the gas-MoS: system, pyos, and pg,s are the charge

density of the pristine monolayer MoS; and the isolated gas molecule, respectively.

Adsorption energy (eV)

Figure 5.3: Adsorpti

0.00 - .
-0.05 4 i
] @ O " 0 Q |
-0.10 g .
| A : 8 i . : . A D J
0.154 & A 0 i AT .
0.20- AN\ /] = PEE |
: . —0— DFT-D2
' s {/ —4—DFT-D3 O 1
-0.25 1 v/ v. —— optPBE-vdW T
' v —O—revPBE-vdW V' 1
-0.30

CO CO, NH, NO NO, CH, HO N, O, SO
Gas molecules

ion energies of several gas molecules on the surface of the monolayer MoS, determined by

2

different methods: PBE, DFT-D2, DFT-D3, optPBE and revPBE. Figure is adapted from [95].

P
d b—z’_)
P
.b_@b- Mp. ;D)- d
'™ o
“4 00416
)’(K)’(KKP XK:K‘KK)' Xﬁ' %K)
(a) O, (b) H,0 (c) NH,
—Q —Q P-(J
< )—c p~d P .p-c
| g paq pd PO p—o )—u
# )pr Ga. 010 0% M»
o R o4 p-d ‘ P

|- »--d 'b-o
, ; 0.0229 0.106 E 0023 ?

xx‘xxx» x"xxxxp x"kxxx»
(d) NO (e) NO2 (f) co
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accumulation (depletion). Figure is adapted from [237].

Figure 5.4 reveals the calculated charge density difference for numerous gases. While almost all

gases play the role of an acceptor to receive the transferred charge from MoS»>, NH3 exhibits the

opposite behavior as a donor. Amongst the acceptors, NO; shows the strongest interaction when it
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can accept 0.1 e from MoSz. In the case in which the gas is an acceptor, the depletion of charge
carriers in the monolayer MoS; leads to a dynamic change from trion to neutral exciton and vice
versa in the case of a donor such as NH3. We can expect to see the reverse characteristics of PL for
donor and acceptor gases. For optical-based sensing, the charge transfer between gas molecules
and the monolayer TMD is the most crucial parameter to obtain the PL modulation, which is a

benchmark for gas sensors [233].

5.3 Sensing experiment with TMD-coated ECFs

To perform the remote sensing schemes, we fabricated a vacuum chamber from aluminum with an
inner dimension of 460 mm x 420 mm x 300 mm. The net volume is 40 dm? after subtracting the
occupied volume of optical elements. The chamber is sealed by O-rings and has two optical
windows to conduct the light. The purpose of a large size volume is to build an optical setup inside
the chamber that can be accessed by hand. The components inside the chamber include the
translational stages, aspheric lenses, and samples. In this section, only NH3 and N> were used for
the testing due to the restriction of using toxic gases in the lab. The chamber allows us to reach a

slightly negative pressure of - 900 mbar and inject the N> or other gases from the connecting pipes.
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Figure 5.5: Schematic diagram of the experimental setup for MoS,-coated fibers. (a) PL-based sensing configuration.
The orange triangles present the MoS; monolayers, whereas the blue dots indicate the gas molecules. The dashed box
shows the scope of the vacuum chamber for sensing measurement. The excitation is a 532nm continuous wave laser.
(b) PL spectra of an MoS,-coated ECF in air and in contact with NH3 gas. (¢) Analysis of sum PL in air, with NHs,
and without NH3. ND: neutral density, ECF: exposed-core fiber, BS: beam splitter, LPF: long-pass filter 550 nm.
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Figure 5.5a displays the experimental setup for NH3 sensing. Here, we used an aspheric lens with
a focal length of 4.03 mm to couple the light from the 532 nm CW laser into the fiber core. The
outcoming light was collected by another aspheric lens. To monitor the guided modes and to collect
the output signal simultaneously, we used a beam splitter. A major part of the outcoming light was
imaged on a grating spectrometer (Horiba Jobin Yvon Triax), while a smaller part was focused on

a camera.

In this measurement, 20ml of NH4OH (25 % NH3 in H>O, density: 0.91 g/cm?, bought from Carl
Roth GmbH) in a beaker has been put inside the vacuum chamber. NH3 was evaporated due to the
transferred heat from a hot aluminum cube inside the chamber. We have to clarify here that there
is no control over the concentration of the target NH3 gas. Because there is no precise control of
the NH3 flow rate, in this case, we determined the lowest detection level by assuming all the NH3
in the solution evaporated at the same time. Then 5 ml of NH3 (25 % of 20 ml solution) is assumed
to be present inside the 40 dm? net volume of the gas chamber, which leads to a concentration of
125 ppm. Hence, this work only shows a lower boundary in NH3 detection but is not limited to any

higher sensitivity using the above assumption.

Figure 5.5b reveals the PL spectra of an MoS»-coated ECF excited by a CW 532 nm laser. The
setting was identical for the whole set of measurements, and the N> gas was injected inside the
chamber to set the background condition. A vacuum pump was used to exhaust the target gas. The
normalized PL peak intensity was maximum in air conditions and showed a peak at 689 nm, which
is related to the A-exciton of the monolayer MoS;. After the injection of NH3 gas from a solution
of NH4OH by thermal heating, the normalized PL dropped to 0.8 after 1 min and gradually
decreased to 0.6 after 50 mins. We also observed the redshift of the PL peak from 689 nm to 700
nm, which is proportional to the concentration of NH3 in the chamber. This may be explained by
the charge transfer process between the MoS> and NH3 [238, 239]. In this case, NH;3 plays a role as
a donor, and it donates the electron to the monolayer MoS,. Since MoS; is an n-type TMDs [233,
2401, the acceptance of free charge to MoS: leads to the transition from an exciton to a negative
trion [238, 239]. Because the trion has lower energy than the bright exciton, the red shift of the PL
peak is expected. This behavior has been reported by Mouri ef al. with the tunability of PL from
monolayer MoS; by chemical dopants [241]. The enhancement of PL was observed with the

exposure to the p-type dopants, while the quenching occurred by the n-type dopants.

The change in PL spectra happened not only with the peak but also with the sum of emissions. By
analyzing the PL signal in the region of interest from 600 nm to 800 nm, as plotted in Figure 5.5c,
we observed the drop of the PL signal in the presence of NH3 in the chamber. This process can be
recovered by purging out NH3 by the injection of N> in the chamber until the whole chamber is
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fully occupied by N. If we consider the large volume of the chamber and the small flow rate of
N, the recovery occurs only by the exchange of the gas molecules, not by air pressure. The purge
of N> inside the chamber has reversed the charge transfer process due to the removal of NH3 from
the monolayer MoS». In contact with N2, MoS; tends to donate electrons to this gas with the
opposite effect compared to NH3 and therefore recovered the PL feature [242]. However, the
adsorption energy and the charge transfer between N2 and monolayer MoS» are small, and hence it

is not suitable to detect N> directly, but likely efficient to recover the original state of TMDs.

5.4 Refractive index sensing

As demonstrated in the previous section, the exposure of the core is not only beneficial for the
TMD coating but also for real-time sensing with the gas species. When the gas is adsorbed onto
the fiber core or the surface of TMD in the exposed region, the propagating light will be absorbed
by the gas species expressed by the Beer-Lambert law [243]

[ = Iy exp[—ra(1)IC], (5.3)

where I and I, are the output light intensities with and without the presence of gas, respectively.
a(A) is the absorption coefficient of the measured gas and as a function of wavelength, [ is the
interaction length of the ECFs for gas detection, C is the gas concentration, and 7 is the relative

sensitivity coefficient.

The relative sensitivity coefficient r is defined as [243]

~ (nr ) [, Re(ExH; — EyH})dxdy
B [, Re(E.H; — E,H3) dxdy’

(5.4)
Neft

where n, is the refractive index of the gas, which is approximately equal to 1.0, neg is the effective
refractive index of the guided mode, E,, E,, and H,, H,, are the transverse electric and magnetic
field components of the propagating mode. * denotes the conjugate variables, Ay indicates the

integration over the exposed region, Ao refers to the transverse cross section.

We present here the simulation results on the relative sensitivity of ECFs. Our optical fiber has a
core diameter of 2 um, and there are two near-degenerate fundamental modes with almost
horizontal and vertical polarization, leading to different modal overlaps with TMDs. Due to the
stronger influence of the x-polarized FM, the numerical data in Figure 5.6a-b are only calculated
for this specific polarization. Figure 5.6a shows the effect of varying the core diameter and the
incident wavelength. Please note that the fiber geometries to produce the data in Figure 5.6a are
depicted in Appendix C (Figure C1), and this fiber geometry is different from the actual fiber

geometry. However, this simple model is helpful to investigate the relative sensitivity as a function
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of the core diameter. When the core diameter is smaller, the guided modes are less confined within
the core boundary resulting in a larger fraction of the evanescent field. This behavior is similar to

the longer excitation wavelength.

From Equation 5.4, the relative sensitivity r is proportional to the fraction of power flow into the
exposed core region where monolayers are deposited. Hence, the relative sensitivity increases for
smaller core diameters and longer excitation wavelengths. This parameter is not only valuable for
photoluminescence but also valid for transmission-based performance. Although Figure 5.6a only
reveals the calculation for gases with a constant refractive index, from Equation 5.4, we also can
notice that the relative sensitivity is also proportional to the refractive index of the sensing target,

and Equation 5.4 is also applicable to aqueous media.
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Figure 5.6: Calculated relative sensitivity of ECFs. (a) Swept sensitivity as a function of core diameter and wavelength
for MoS»-coated ECFs. The geometry of ECF is made simple to scale the core diameter. (b) Relative sensitivity as
function of wavelength in comparison between MoS;-coated ECF and bare ECF with two orthogonal fundamental
modes.

The deposition of TMD has a slight impact on the relative sensitivity, as exhibited in Figure 5.6b.
The increase in relative sensitivity r is due to the shift of the guided mode towards the exposed
side because of the higher refractive index of monolayer TMD. Nevertheless, TMD in our model
has a sub-nanometer thickness, therefore, the shift of the guided mode is less pronounced.
Additionally, another way to enhance the sensitivity coefficient is using smaller core fibers, which
are less confined to the guided mode than the larger ones. Despite this advantage, the small-core
fibers also have some difficulties in handling due to their fragility and a higher loss. We also can
increase the sensitivity by coating a high dielectric constant thin film between monolayer TMD
and silica core to drag the guided mode upwards. The calculated relative sensitivity of MoS>-ECF
with another coating of HfO, as a buffer has shown an increase of up to 220 %, compared to without
HfO, at A, = 680 nm. The enhancement increases proportionally to the growth of wavelengths and

can reach 700 % at Ay = 1100 nm. The reason to select HfO, thin film to modify the guided modes
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stems from its large bandgap (5.3 - 5.8 eV) [244]. This material has negligible absorption in the
visible spectral range and hence no PL quenching from monolayer TMDs. By coating a high
dielectric constant thin film such as HfO,, the guided modes are relocated towards the monolayer

TMDs.

As mentioned hereinbefore, the fraction of optical power that propagates through the exposed
region and interacts with monolayer TMDs and sensing medium is the key parameter for fiber
sensing. While Equations 5.3 and 5.4 are appropriate to quantify the transmitted light intensity
change because of the absorption and scattering processes, they are inappropriate for fluorescence-
based sensing. Moreover, semiconducting monolayers superimposed on the fiber core can work as
a fluorophore source. The efficiency of coupling back the fluorescence by the guided modes of the
fiber has been introduced by Afshar ef al. for the FMs [217] and by Warren-Smith et al. for HOMs
[245]. This theoretical model has been experimentally validated for Rhodamine B dissolved in
water [245]. The fraction of fluorescence (FCF) that is excited by mode j, captured into all guided
modes v of the fiber at the fluorescence wavelength A, and propagates to the output end of the fiber
is expressed as [245]

E2 N NOLy v oe "
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where Aoo defines the transverse cross section of the boundary, A refers to the exposed region, L
is the fiber length, S;(#) is the z-component of the Poynting vector of the j* mode, E;(#), H;(#)
are the electric and magnetic fields of the j* mode, & is the fluorophore efficiency, 4 is the
fluorescence wavelength, n?sis the refractive index in the exposed region at the fluorescence
wavelength, NOI is a normalized field-matter overlap integral, Aq¢ is the modal effective area, Z
is the unit vector along the propagation direction, and y is the attenuation coefficient [246]. We
assume that the fluorescent sources are contained within the exposed region, and they have random

phase and orientation.

The ability of ECF for refractive index sensing has been demonstrated by Ding ef al. employing
CdTe/CdS quantum dots as photon emitters to detect NO [225]. The change in the environment,

for instance, the refractive index surrounding the photo emitters and fiber core, will have a
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significant impact on the guided modes. The PL efficiency of monolayer TMDs grown on ECFs is
strongly affected by the field overlap between fiber modes and the monolayer. As a result, the
change of refractive index from the environment will vary the PL emission of the hybrid
waveguides and can be exploited for refractive index sensing. Figure 5.7a-c display the FMs with
x-polarization at 4, = 532 nm for three different sensing media in the exposed region including
air, ethanol, and water. The evanescent field in the exposed side area is increasingly proportional
to the increase of refractive indices, hence raising the mode overlap to monolayers. The complex

refractive indices of water and ethanol were taken from the literature [247, 248] for the simulation.
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Figure 5.7: Electric field distribution for three different sensing media. (a) Air. (b) Ethanol. (¢) Water. (d) FCF was
calculated for different analyte media as a function of the total accumulative crystal length. Propagation loss was
included.

Figure 5.7d displays the fluorescence fraction which can be coupled into multiple guided modes of
the fiber and calculated for three different media: air, water, and ethanol using Equations 5.5-5.7.
FCF values are plotted as a function of the monolayer MoS, length, with the contribution of 50
HOMs. The FCF first steadily goes up to the maximum with the increase of the crystal length, and
until the loss becomes dominant, then FCF decreases gradually. The calculated FCF value at 1, =
532 nm and fluorescence wavelength of 678 nm is given in Table 5.1 for three media. The localized
field inside the sensing region is strongly influenced by its refractive index and will vary the FCF.

This mechanism might be interesting to monitor the leakage of aqueous or vapor solvents using
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TMD-coated ECFs. Because our ECF can support multiple modes, and many HOMs can involve
in the fluorescence capture process, thus, in our calculation, the FCF value increase with the
included number of HOMs. In Table 5.1, FCF was calculated with the contribution of only x-
polarized FM and 20 HOMs but with the assumption of no loss in the system. That explains the
substantial FCF captured by 20 HOMs without loss here in comparison to 50 HOMs with loss in
Figure 5.7d.

Table 5.1: Calculated FCF for different sensing media with the excitation wavelength at 4; = 532 nm and the
fluorescence wavelength at 678 nm, with assumed fluorescence efficiency of 1 % and there is no loss included for the
calculation. Crystal length is assumed to be 100 mm with a filling factor of 100 %.

Sensing medium | Refractive FCF captured by FCF captured
index, n FM only by 20 HOMs
Air 1.000 6.3-107 1.5-10°
Water 1.331 1.5-10°¢ 2.8:107
Ethanol 1.358 1.8.10°¢ 3.4-10°

5.5 Summary of the results

In summary, we have for the first time demonstrated remote sensing from exposed-core optical
fibers functionalized with the monolayer MoS,. This demonstration is also applicable to other fiber
architectures and 2D materials. Our measurements show the capability of the system to detect NH3
with a response time of 1 min and with the detectable level of less than 125 ppm. The real response
time may be decreased by reducing chamber volume to decrease the traveling duration of the gas,
thus further reducing the time required for an accurate measurement. The response of TMD-coated
ECF is reversible by replacing the target gas with an Nz injection. The sensitivity level is not limited
to 125 ppm of NHj3 for our fiber, and it may detect lower gas concentrations by an improved gas
experimental setup. The work that has been performed here is a solid foundation for further future
studies of gas sensing with 2D materials on ECF.

Furthermore, our simulations reveal the potential application of optical fiber sensors for the
detection of the surrounding environment based on the refractive index, which is suitable to monitor
aqueous solutions. While the demonstration was carried out in a non-optimized fiber geometry,
there is still room for further improvement by more sophisticated designs. We believe that a further
improvement of response time and sensitivity may open fresh perspectives for enhanced optical
gas sensing and surface-sensitive bio-analytics. All of these open new possibilities for a scalable,

modest, and compact lab-on-a-chip technology.
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6. Third-harmonic generation in hybrid waveguides

6.1 Fundamentals of THG in 2D materials

2D TMDs are well-known for their substantial nonlinear optical response per unit thickness,

quantified by the third-order susceptibility [98]. The efficiency of nonlinear light generation at the

TH frequency is characterized by the nonlinear refractive index [139, 249]: n, = " 3 iRe( )((3)),

cn?g,
where Re indicates the real part of ¥, n is the refractive index of the nonlinear medium, &, is
vacuum permittivity, and c is the speed of light. As emerging semiconductors, THG in TMDs has

been studied by many groups [99, 100, 250-252] on a planar substrate.
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Figure 6.1: Layer-dependent SHG and THG emission from 2H-phase MoS,. Figure is adapted from [99].
Figure 6.1 exhibits the dependence of THG and SHG peak power on the thickness of 2H-phase

MoS>. While SHG shows the maximum peak intensity in the monolayer and negligible intensity
for even-number layers, THG reveals a stable increase with the number of layers in MoS». That is
due to the independence of THG on the crystal symmetry, which leads to a monotonic modulation
by the interaction thickness. Noticeably, the nonlinearity is not equal for different 2D materials.
For example, under similar experimental conditions, monolayer MoS: exhibits a larger THG
response than graphene with a factor of three to four [99, 100]. Furthermore, 2D TMDs also have
much larger optical nonlinearity than that of SiO> substrate, enabling a high contrast nonlinear
microscopy [97, 100]. A high value of n, of 2.7 x 10~ m?/W has been reported from monolayer
MoS; transferred on waveguides [141], which is four orders of magnitude greater than the value
from SiOz (n;~2.2 X 1072° m2/W) [253]. There is a proportional relation between n, and y®,
therefore, THG efficiency shows a monotonic increase with the quantitative value of n,.

Remarkably, THG in 2D materials is sensitive to the change of many parameters, for instance,
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defects [254], doping [255], strain [256], and chemical treatment [257]. Additionally, THG from
2D materials can be tuned broadly by an electric field [258]. The above characteristics bring both

advantages and challenges to the y ®)-based promising applications.

The generation of an electromagnetic field at the frequency 3w from an incident field at the

frequency w via interacting with a nonlinear medium can be expressed by a nonlinear polarization

PPGw) = & ) xGu(@+ 0 +0) E@)E (@) Ew) 6.1)
jkl

here i, j, k, | are the Cartesian components of the incident fields.

Monolayer TMDs belong to the symmetry group Dsn, therefore the third-order nonlinear tensor is

written as [36, 99, 256]

3 _ 06 — .3 — .3 (3) (3)
Xiw = XlL,xxxx - XlL,yyyy - XlL,xxyy + XlL,xyyx+ XlL,xyxy ’ (6-2)

where x is the armchair direction of the monolayer, and y is the orthogonal zigzag direction.

Also, due to the symmetry, the following tensors are equal

3) _ .3
XiLxxyy = XiLyyxx »

(3 —_ .3
XlL,xyyx - XlL,yxxy ’

(3) _ .3
XlL,xyxy - XlL,yxyx ' (6-3)

From Equation 6.1, a cubic dependence of THG intensity on the excitation power is a fingerprint
of a THG process. Hence, a THG process can be confirmed by the cubic dependence of THG
intensity (I3,) on the pump intensity (I,), expressed by I3, = A X I3, with A is a coefficient or

prefactor.

6.2 Nonlinear simulation and analysis

The nonlinear and linear properties of the MoS»z-coated ECF are calculated using finite element
simulations (Comsol Multiphysics v5.4). The geometry of the ECF was taken from the SEM image
displayed in Figure 2.10 with a boundary of 9 um in diameter, which is sufficient to analyze the
guided modes inside the core region (core diameter: 2 um). In this simulation model, a high-
refractive index layer with a thickness of 0.65 nm is put on top of the exposed surface to present a
monolayer MoS.. The refractive index n of silica fiber is calculated using the Sellmeier equation,
and the complex refractive index of MoS; is taken from Jung et al. [206]. The Sellmeier equation

for silica is expressed by [191]
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3
B;w?
@) =1+ ) —, (6.4)
=T

where w; is the resonance frequency, and B; is the strength of i*" resonance. For fused silica optical
fiber, the coefficients are found to be B; = 0.6961663, B, = 0.4079426, B; = 0.8974794, A, =
0.0684043 um, A, =0.1162414 um, A3 = 9.896161 um. Resonance frequency and wavelength are

related by A; = 2mc/w;, where c is the speed of light in vacuum.

A scattering boundary condition was applied for the numerical simulation. There are two non-
degenerate FMs with almost orthogonal polarization. A typical FM for different wavelengths is
displayed in Figure 6.2a-c. In this thesis, we called the part where the energy flows outside of the
core region the evanescent field. When the excitation wavelength increases from 400 nm to 2000
nm, the evanescent field in all three air holes increases significantly because of the reduced
confinement of the guided wave. As a result, the mode overlap with the monolayer TMD goes up
for longer wavelengths. In this simulation, silica is considered a lossless medium; therefore, the
attenuation of the traveling light is solely caused by the high-loss MoS,, as shown in Figure 6.2d
(orange line). There are two sharp peaks in the visible range of the attenuation spectrum due to the
stronger absorption of the monolayer MoS; near the A and B exciton bands. For longer spectral
wavelengths (A > 700 nm), the attenuation is much less pronounced because the photon energies
are lower than the bandgap of the monolayer. Besides, the modal dispersion can provide insights
about the spectral broadening of the fundamental wave due to soliton in optical fibers. Here, the
group velocity dispersion calculated by Equation 6.7 is virtually unchanged for both models, with
and without the monolayer MoS,. It indicates that the infinitesimal coating of a high-index
semiconductor has an insignificant effect on the modal dispersion. This finding is in good
agreement with the report by Feng ef al. [259] about graphene/silicon hybrid waveguides when
they reported that graphene has a negligible influence on the group velocity dispersion of their
waveguide. It can be explained by the minuscule thickness of the monolayer and the minor fraction

of the evanescent field in the waveguide system.

The mode propagation [ of a central pulse at a frequency w, can be expressed in a Taylor

expansion in the frequency domain, containing the higher-order constants

1
Bw) = n(@)= = fo + fu(® = wg) + 3 F2(w = o) + - (65)
B
ﬁk: [I)k (k = 0, 1, 2 ) (66)

From the above definition, the group velocity dispersion of fiber is calculated as follows
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ﬁzﬁ 1 <2 aneff "

ﬁz—[ﬁw:wo—z

62
w neff), 6.7)

ow dw?

here nq is the effective mode index of the fundamental mode. The pulse broadening is determined
by group velocity dispersion as a consequence of the frequency dependence of the refractive mode
index. When £, (w) = 0, we have zero dispersion at the frequency w. Using Equation 6.7, the group
velocity dispersion of our ECFs is plotted in Figure 6.2d (blue line). Our ECFs have zero-dispersion
wavelengths at around 800 nm. This zero-dispersion wavelength in microstructured optical fibers
is an active field of research with soliton-based supercontinuum generation (SCG) [260, 261].
Besides, the nonlinear processes in optical fibers or waveguides are heavily dependent on phase-
matching, which is governed by chromatic dispersion. For example, the four-wave mixing process
in the optical fiber is optimum at zero-dispersion wavelength [262]. Although SCG is not
investigated in this thesis, it might be a fascinating topic in the future for TMD-coated ECFs.

To extract the fraction of power flowing through the MoS;, a time-averaged Poynting vector has
been calculated and integrated for the area of the monolayer and compared to the total energy flux
within the boundary. The power fraction flowing in different domains of the model, including the
monolayer TMD, has been calculated using finite element simulations, and the time-averaged

Poynting vector is determined as

1
(8(r) = 5 Re[E(r) x H(r)']
E,H; — E,H}
= 5Re|E,H; — EH, (6.8)
E.H, — E,H;

Here we consider the time-averaged Poynting vector with the z-component, which is along the

propagation direction, then read as
1
(S,(n) = Esne[ExH; — E H;], (6.9)

where Re denotes the real part of the complex, E, ,, is the x and y components of the electric field,

H ,, is the complex conjugate of the x and y components of the magnetic field.

Table 6.1: Calculated Poynting vector z-component for two nondegenerate FMs of the ECFs at 4, = 1570 nm.

Cross-sectional Bare ECF Bare ECF Mo5: coated MoS: coated
ECF ECF

part of the ECF x-pol. FM y-pol. FM x-pol. FM y-pol. FM

Three air regions 35% 33% 3.5% 33%

Air region above

exposed surface 1.6 % 0.9 % 1.7 % 0.9 %

only
Monolayer n/a n/a 0.008 % 0.007 %
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Figure 6.2: Properties of fundamental modes in MoS;-coated ECF. (a-¢) Normalized electric field at (a) 400 nm, (b)
1200 nm and (¢) 2000 nm. (d) The group velocity dispersion (blue) and the attenuation (orange) of the ECF. (e) Fraction
of energy flux (z-component of Poynting vector) in the monolayer MoS,. (f) Real and imaginary component of

refractive index of monolayer MoS, was used in this analysis. (g) Nonlinear coefficient calculated for both monolayer

MoS:; and SiO; core. Dashed line indicates the wavelength where we have the value of nlzvlosz. Figure is adapted from
[146].

Figure 6.2e reveals the tiny fraction power in MoS: (roughly 0.01 % for A = 1800 nm) owing to the
strong confinement of the FMs inside the fiber core and the sub-nanometer thickness of monolayer
MoS,. The computed magnitude of the Poynting vector z-component for distinct regions within the
boundary is shown in Table 6.1. The data are given for two non-degenerate FMs at A = 1570 nm
with the dominance of power flow belonging to the x-polarized FM. Figure 6.2f displays the
complex refractive index of MoS; taken from the literature [206]. We can see the analogy between

the attenuation of the MoS;-coated fiber and the imaginary part of the refractive index of the
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monolayer MoS;. It is because of the singular contribution of the monolayer MoS: to the loss of

the hybrid system.

A key parameter to evaluate the nonlinearity of the material system is the value of the nonlinear
coefficient. The nonlinear effects depend on many inputs, such as the material nonlinearity, the
mode overlap, or the evanescent field strength in monolayer TMD and phase matching. The
nonlinear strength of waveguides is often benchmarked by the Kerr nonlinearity, which has a direct
influence on SPM [139, 141, 263] or by the nonlinear susceptibility [138, 189]. In this work, the
coefficient for SPM and THG has been calculated from an overlap integral using the vectorial
nature of the guided mode. The SPM coefficient was computed from the method developed in the
literature [263] with the vector fields and the integrated area taken from numerical data. Because
both TMD and silica fiber have third-order nonlinearity, the overall SPM coefficient y is the sum
of two constituent materials (SiO2 and MoS>) of the system. The sum coefficient is calculated, for

example, ¥ = ysio,t , and the contribution of two components is computed according to
ple, ¥ = Vsio, "VMos, p p g

I, QIE* + |E2|2)dA
Si02 (610)
\f, (ExH)-zdA]"

2m /I, IE|*+|E*|*)dA
o /1 9{ MoS2 A MoS2 A MoS2 MoS2 ) 611
s () =330 o @) e nl \f,.(Ex H") - 2 dA|” e

2T
Vsloz()l) _S_Ome( Si02 (/1)) nSi02( 1) nSlOZ

where A is the cross-sectional area occupied by the material. n(1) and n, are the linear and
nonlinear refractive indices of the constituent material, respectively. E(x,y; A) and H(x, y; 1) are
the electric and magnetic fields of a particular mode propagating inside the fiber at a given
wavelength A. &y and p, are the vacuum permittivity and permeability, respectively. Z is the unit

vector along the propagation direction.

The nonlinear coefficient y was calculated for the x-polarized FM for both the monolayer MoS;
and the fiber core, as shown in Figure 6.2g. For the wavelengths above 1450 nm, the MoS>
overcomes the silica core in the contribution to the SPM coefficient. It was attributed to the
consecutive increase of the energy propagating through the TMD layer, as displayed in Figure 6.2e.
For THG experiments, the central wavelength of the pulsed laser is 1570 nm, therefore, an
enhancement of the THG signal for the TMD-coated ECF is expected because at this wavelength
YMos, > Ysio,- Remarkably, all linear properties, except losses, are found to be unaffected by the
TMD-coating, which is understandable because only 0.8 x 10™* of the energy flow of the FM is
traveling through the TMD (see Figure 6.2¢). Although this energy portion is trivial, we found that
the TMD-coating has a substantial impact on the ECF’s nonlinear properties due to their strong

nonlinearity. At Ao = 1570 nm, the SPM coefficient yyjos,(4o) = 0.046 (Wm)~" is slightly
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higher than that of silica, ysio,(4) = 0.037 (Wm)~'. This distribution is ascribed to the weak

nonlinearity of silica: n;ioz = 3 x 1072% m?/W [191], which is almost four orders of magnitude

smaller than that of MoS5; nglos

2 = 2.7 x 107 m?/W measured at 1550 nm [141]. We chose this
value as a source of our calculation due to the similarity in the growth method, the same range of
excitation wavelength, and the deposition of the monolayer MoS> on a waveguide system. Figure
6.2g was plotted with fixed values of ng/losz and ngioz to simplify the calculation, but due to the

large difference in the value of the nonlinear refractive index between them, our calculation still

provides a good evaluation of the contribution of monolayer TMD to the hybrid waveguide.

THG efficiency in a waveguide is greatly dependent on the simultaneous interplay of mode
matching and phase matching, thus, efficient THG may only be observed within the phase-
matching region, where the effective refractive index of the FW mode n™™" and refractive index of
the TH mode n." satisfy the condition An = [nfW — n["| < 1,/(rL,). Here k is the index of the
high-order mode (HOM), and L. is the typical length of an MoS; monolayer, which is 29.5 pm.
Consequently, the maximum refractive index mismatch An = 0.017. For ECFs in this work, only
HOMs at third-harmonic frequency are phase-matched, and no FMs can be excited in the THG
process due to the chromatic dispersion of ECFs. This can be confirmed by the TH modes coming

from the output of the fiber captured by an sSCMOS camera.

As discussed above, both silica fiber and TMD coating can generate THG, the overlap coefficient
of the THG is a sum of the material contributions yk(THG) = y(lg'zmk) + VI&EEIZGL which has a distinct
value depending on the involvement of the specific HOMs at the TH wavelength, and k denotes
the arbitrary mode index.

Here, the overlap coefficient is defined as follows
A . "
T f, Eir(3) EjDER(DE;(A)dA

e J [f, EcxEndA [f, E;EidA[f, E.EjdA[f, EEidA

Vo (D) = , (6.12)

where m denotes the constituent materials such as SiO2 and MoS., the subscripts ijnl denote the
polarization direction of the electric field. E; j is the electric field of the third harmonic high-order
mode with mode index k. E;, E,, and E; denote the fundamental mode at the fundamental
wavelength (FW). Because the fields are mostly polarized in x and y-direction, and there is no
significant value for the out-of-plane nonlinear tensor of the TMD (see Equations 6.2-6.3), the

equation simplifies to
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Figure 6.3: Modal THG overlap coefficients yk ) at the third-harmonic wavelength of 550 nm, calculated for all

HOM s k, which are close to the phase matching point at ntY = 1.373. The phase-matching region with An < 0.017

is marked in blue shading. The stacked colored bars indicate the contributions of the SiO; core (blue) and the monolayer

G)

MoS; (orange) to y,ETH , respectively. Figure is adapted from [146].

Figure 6.3 displays their respective values yk(THG) for 30 distinct TH-HOMs, which are close to the

phase matching (PM) point. The reason to calculate the )/,ETHG) at 550 nm is to match the

experimental results that will be discussed in the next section. The contribution of SiO2 (blue) and
MoS; (orange) to the overlap coefficients is displayed in the bar shape. Since THG depends
crucially on the phase-matching condition, therefore we are considering only the HOMs in the PM

region indicated by the blue shading. There are 18 HOM s in this region, and we shall only discuss

the three modes with the largest y,STHG). The most dominant contribution for both the bare and the

MoS;:-coated ECF is from the M1 mode at nggy; = 1.379. Its overlap value yl\(,ITlHG) 1S

approximately doubled due to the MoS»z-coating. The simulated mode profile of the M1 mode is

depicted in Figure 6.4b. The second strongest contribution for the bare ECF is the M2 mode at

)

Nesrmz = 1.366, here YMz 19 increases approximately 2.5 times by the TMD-coating, and its profile

is shown in Figure 6.4a. Although the M2 mode has an important contribution after the coating;

however, it is succeeded by the M3 mode at n.g v3 = 1.383, which triples its Vl\(/13 G)upon the

58



6. Third-harmonic generation in hybrid waveguides

influence of the monolayer. Simulated modes profiles of M3 can be seen in Figure 6.4c. Each mode
has at least one field maximum close to the top surface of the ECF, where the 2D TMDs are
deposited. It is thus obvious that the overlap coefficients grow greatly upon the contribution of the

TMD coating for all three modes.

M2 ngfr=13656f(b) M1  ngg=1.3788

neff = 1.3831

Figure 6.4: |E,|? of the three fundamental modes M1, M2, and M3 which have been selected due to their strongest
contribution for the THG-process of the ECFs. (a) M1 at n s = 1.3788, which is the dominant mode for the bare and
MoS;-coated ECF. (b) M2 at n.s = 1.3656, which has the second largest overlap coefficient for the bare ECF. (¢) M3
at neg = 1.3831, which has the second largest overlap coefficient for the MoSs.coated ECF. Figure is adapted from
[146].

The nonlinear polarization field at TH wavelength should provide some useful information at the

interface of Si02 and MoS; because of the large difference in the nonlinearity. Here, the nonlinear
polarization field P® (%) is numerically computed for the silica core and monolayer MoS> and
displayed in Figure 6.5 on a logarithmic scale using the following formula
Ao

PO () = B2 i )t (6.15)
where E,(x, y) is the x-component of the electric field of the FW mode, and )(,(Ci)xx is the component
of the nonlinear tensor which contributes the most to the THG process [146].
107
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Figure 6.5: Logarithmic plot of the nonlinear polarization field in the core region. The field is generated by the cubed
electric field and the nonlinear response of SiO, and MoS;. The inset is a zoom of the exposed surface, displaying the
strong and highly localized nonlinear polarization from the monolayer MoS,. Figure is adapted from [146].

The contribution from the SiO» core is a spatially smooth polarization over a large area, whereas
the monolayer TMD has a greater nonlinear polarization field but is also position-dependent, which

can be seen from the inset. The TH-radiation is then distributed to the TH modes and proportional
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to the overlap coefficient )/,C(THG) for every mode with index k. It is straightforward that the impact

of the MoS: coating on these coefficients depends intensely on the shape and polarization of each
TH-HOM. For example, HOMs localized close to the functionalized surface and with predominant
x-polarization benefit more from the coating. It is the result of the substantial in-plane nonlinear

tensor of the monolayer MoS..

6.3 THG experiment in TMD-coated ECFs

THG experiments were carried out with a pulsed laser (Toptica FemtoFiber pro IRS-II) operating
at a central wavelength 4, = 1570 nm, a repetition rate of 80 MHz, and an FWHM pulse duration
of 34 fs (see Figure 6.6) for pulse reconstruction). The experimental setup is similar to the PL
spectroscopy in Figure 3.6, except we used an aspheric lens (Thorlabs C230TMD-C) for input
coupling and an optical spectrum analyzer (ANDO 6315A) to collect the TH signal. For the bare
ECFs, we attain a coupling efficiency of 29 % without noticeable propagation loss (less than 1
dB/m) [144]. The coupling efficiency was assumed the same for the MoS»-coated ECF with an
equal length. Nevertheless, the transmitted power is roughly 60 % lower at identical settings with
the presence of MoS> monolayers, leading to an overall net loss of 0.1 dB/mm. The MoS»-coated
ECEF has a filling factor of 5.4 %, as determined by Figure 4.5b. This result means that the MoS,
monolayers on the ECF are responsible for a loss of approximately 1.8 dB/mm. This value is
consistent with simulations (see Figure 6.2d), which predict a value of 1.2 dB/mm, and an
independent cut-back measurement with an MoSz-coated ECF gave a loss of 1.3 dB/mm, validating

the range of this parameter.
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Figure 6.6: Laser pulse characteristics. (a) Normalized laser spectrum at the input of the fiber. (b) Measured intensity

autocorrelation (red) compared with the autocorrelation of the transform-limited pulse (dashed line). (¢) Transform-
limited pulse as calculated from the spectrum propagated numerically through the fiber-coupling optics. Figure is
adapted from [146].

The IR pulsed laser was characterized, and the pulse duration was determined by measuring the
spectrum and the non-collinear intensity autocorrelation of the pulse incoming to the fiber, as
shown in Figure 6.6a-b. The measured autocorrelation in Figure 6.6b was compared to the value

of the transform-limited pulse and calculated from the measured spectrum. Both the measured pulse
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and the transform-limited counterpart are found equivalently in shape, including the central peak
region and the wings. The FWHM pulse duration is close to the transform limit of 30 fs. The final
value for the pulse duration is 34 fs ( Figure 6.6¢) at the fiber facet, and it was obtained by further

numerical propagation through the aspheric lens.

We now discuss THG in MoS,-coated ECFs, where only HOMs at third-harmonic wave are phase
matched with FMs at fundamental wave because of the chromatic dispersion [146, 264, 265].
Figure 6.7a shows the spectra of the third harmonic wave for three different input powers measured
with a pair of bare and MoS;-coated ECFs with an equal length. The transmitted powers are
identical for both ECFs. An increase of THG in MoS;-coated ECF was observed for all input
energies. This behavior is expected because the atomic monolayer has substantial nonlinearity.
Here, the spectral shape of the third harmonic wave is identical for both the bare and coated ECF,
indicating that the PM between FW and TH is unaffected by the coating. It is consistent with the

previous discussion that only the attenuation of the fiber is affected by subnanometer-thin crystals.
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Figure 6.7: Third harmonic and infrared spectra for MoS; coated and bare ECFs at different input energies. (a) Third
harmonic spectra of both fibers. The THG band from 540 to 560 nm is marked in orange shading. Inset: THG energy
vs input energy from the MoS,-coated ECF with a cubic fit. (b) Fundamental wave spectra were recorded
simultaneously with third harmonic spectra. The orange shading specifies the fundamental wave band, which is
responsible for the THG shading in (a). Same legend as in (a). Figure is adapted from [146].

Due to the higher loss by coating, about 40 % of the input energy left the output of the MoS»-coated
ECF, whereas, for the bare ECF, the complete pulse energy contributes to THG over the entire
fiber length. The TH is generated in a spectral band ranging mostly from 540 nm to 560 nm, marked
as an orange band in Figure 6.7a. The FW spectrum must be a band between 1620 nm and 1680
nm, which is not well-matched with the central wavelength of the pulsed laser at 1570 nm. It means
that the FW must experience a spectral broadening before significant TH can be generated, which
may explain the fairly stronger-than-cubic scaling in the inset of Figure 6.7a. From our calculation
plotted in Figure 6.2g, the SPM coefficient is significant and under the propagation of ultrashort

pulses, the spectral broadening in ECFs is expected. Simultaneously recorded spectra of FW are
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displayed in Figure 6.7b. The corresponding FW band from 1620 nm to 1680 nm is marked in

orange. A corrected efficiency will be calculated based on this band for three input energies.

From Figure 6.7, there is no noticeable modification of PM upon the deposition of the monolayer
MoS,. All linear mode properties are unchanged, except for the higher loss due to the high
extinction coefficient from MoS». As there is no modification of the PM conditions by the coating,
THG enhancement is attributed to the TMD-induced change of the nonlinear polarization field, as

plotted in Figure 6.5.

Because of a higher loss, the MoS: coated ECF has less pulse energy to drive the THG process
than the bare fiber. Clearly, we have observed an increase of THG for different input energies, for
instance, a 47 % growth in THG for an input energy of 0.59 nJ, 41 % for 0.67 nJ and 18 % for 0.70

nJ. The enhancement is calculated by the ratio eryg = E&ESGZ JEZHS and presented in the first row

of Figure 6.8.

Here, the amount of energy from FW to generate TH was compared between MoS: coated and bare

ECFs. The corresponding ratio EFW is calculated as €rw =
I 11662800nn£1 Egare(A)dA/ [ 11662800nn£1 Emos, (A)dA. This ratio is presented in the center row of Figure 6.8,

and we attain egy = 0.96 for E = 0.59 nJ, epyy = 1.03 for E = 0.67 nJ and €pyy = 1.12 for E =
0.70 nJ. This means that there is more energy of FW involved in the THG process for bare ECF

than the coated one.

THG energy [[\/lo'S2 vs. bare]

12+ FW subband energy' [bare vs. MoS';_,]

| THG efficiency [MoS, vs. bare]

015}

=
w

0.59 nJ 0.67 nJ 0.70 nJ
Input energy (nJ)

Figure 6.8: Third harmonic generation from constituent materials. A bar chart to show the ratio of THG energy (upper),
the ratio of FW energy in the range from 1620 nm to 1680 nm (center), and the relative THG efficiency (lower) of the
MoS; coated ECF and the bare ECF as a function of the input energy. Figure is adapted from [146].

To obtain the relative efficiency of THG process, we use the fact that the THG efficiency has the
cubic relationship with the FW energy and a linear connection with the TH energy. Here, we can
calculate the relative efficiency of the THG process of the MoS»-coated ECF and the bare ECF as

€rng * €pw- The results are shown in the bottom row of Figure 6.8 with a corrected enhancement
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factor of 30 % for E = 0.59 nJ, 53 % for E = 0.67 n], and 67 % for E = 0.70 n], respectively.
This corrected enhancement factor is significantly greater than the uncorrected value and highlights

that the THG process is indeed enhanced by the monolayer MoS..
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Figure 6.9: HOMs at THG band. (a) Experimentally measured image of the mode pattern from the THG at the end of
a bare ECF. (b) Experimentally measured image of the mode pattern from the THG at the end of an MoS,-coated ECF.
(¢) Simulated mode pattern as a superposition of the modes M1 and M2 with an 80/20 power distribution, according
to the overlap coefficients for the bare ECF. (d) Simulated mode pattern as a superposition of the modes M1, M2, and
M3 with a ratio 62/13/25 in power distribution according to the overlap coefficients for the MoS»-coated ECF. Figure
is adapted from [146].

From Figure 6.3 and Figure 6.4, the overlap coefficient is higher for some specific HOMs, which
means that the THG process depends on the spatial shape and the polarization of the TH mode. In
the phase matching band, there are three modes M1, M2, and M3 which have a substantial overlap
coefficient and can contribute the most to the experimentally recorded HOMs at TH frequency.
Figure 6.9a-b exhibits the spatial distribution of the TH modes recorded by a camera for a bare and
an MoS»-coated ECF, respectively. There are some striking features marked by the white and blue
ovals. For instance, the single peak at the top of the bare ECF is replaced by weaker triple peaks
near the center of the MoS:-coated ECF. By using the superposition of M1, M2, and M3 modes
with an adjusted contribution from computation, the modal spatial distribution is quite well-
reproduced for both bare and MoS:-coated ECFs. The simulated TH modes are shown in Figure
6.9c-d. This finding reveals that there is more room for the improvement of the THG process by
controlling the overlap coefficient for specific HOMs at a certain wavelength, for example, by

changing the fiber geometry or by thin film coatings.
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6.4 Summary of the results

In this chapter, we have shown that 2D materials can be used to modify and tailor the nonlinear
wave dynamics in fibers significantly while leaving the linear waveguiding properties mostly
unaffected. Specifically, we have demonstrated enhanced third-harmonic generation phase-
matched to high-order modes in MoS;-coated exposed core optical fibers, an intermodal phase
matching. This phase matching with HOMs was confirmed by the recorded HOMs at the third
harmonic from the fiber output. From the simulation, we found that the 2D materials induce a local
nonlinear polarization field, which alters the nonlinear overlap coefficient between fiber modes. It
demonstrates the high nonlinearity of such thin semiconductors compared to bulk silica fiber. This
approach may be applied in future fiber-based devices to tailor nonlinear interaction processes
between modes and promote design freedom for highly nonlinear fibers. Another approach to
increase THG further is bringing the resonance between the TH band and exciton energy, which

has been investigated intensively for SHG.

Altogether, the direct growth of 2D materials on waveguides is opening a novel path toward the
scalable and reproducible functionalization of waveguides, fibers, and other integrated optical
systems with 2D materials. It may elevate transition metal-dichalcogenides from a highly-
fascinating subject for materials science and photonics to a novel and powerful tool for future
applications in integrated photonics and sensing. In the case of THG, an inkjet printing [266] of 2D
materials on ECFs can be considered because there is no requirement for crystal symmetry in this

nonlinear process, and ECFs support a gateway to printing solution on the fiber core.
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7.1 Fundamentals of SHG in 2D materials

SHG is an important nonlinear process that plays a key role in frequency conversion systems and
active photonic nanodevices. Additionally, the SHG response is strongly dependent on the
inversion symmetry of the nonlinear medium. In general, SHG will vanish in inversion symmetric
or amorphous materials, such as glasses and optical fibers, except for an insignificant surface SHG
coming from the broken symmetry at the interface of the medium. After demonstrating the strong
nonlinearity of TMD crystals with the THG process, in this chapter, SH nonlinear response will be
investigated on similar waveguides. Monolayer TMDs or odd-numbered layers in the 2H phase are
noncentrosymmetric, therefore SHG is not forbidden. In contrast, it is forbidden in even-numbered
layers. Interestingly, the inversion symmetry from even-layer 2D materials can be broken by an
external excitation [267-269], chemical doping [270, 271], structural inhomogeneity [252, 272-
274], and strain [275]. Exceptionally, 3R-phase TMD crystals are not centrosymmetric with even-
numbered layers [276, 277] and are promising for y®-based waveguides. However, the scalability
of the 3R phase is still a challenge and uncontrollable by the CVD technique. Besides, a strong y ?
process, for instance, SHG from monolayer TMDs on a planar substrate has been reported [97,

101].

Following the general nonlinear optical response of a material in Equation 2.4, the SHG process

can be expressed by

PPQw) = & ) 27 (@) E()E(), (7.1)
Jjk

here i, j, k refer to the Cartesian components of the incident fields.

From a first-principle analysis, monolayer TMDs are predicted to have a significant y ® magnitude
that is comparable to those of highly nonlinear bulk crystals [102]. In contrast to the monolayer
TMD, the y @ value of bulk MoS is trivial, less than 0.1 pm/V [278]. Consequently, the SHG
intensity from the monolayer MoS; is three orders of magnitude stronger than from the surface of
bulk MoS,, which is centrosymmetric [105]. Furthermore, SHG efficiency will be enhanced when
there is a resonance between SH frequency and A, B [118, 271, 279], or C-excitons [97] of 2D
TMDs. This resonance is also investigated by a theoretical model and attributed to the impact of
bound electron-hole pairs [280]. In other words, the y ® magnitude is a function of the wavelength

and has a higher value near the excitonic frequencies.
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Figure 7.1: (a) Second-order susceptibility of monolayer MoS; (blue circles) vs trilayer MoS; (green circles) measured
over a range of second harmonic energy and overlap with C-exciton energy. Solid lines are the linear absorption spectra
(right scale) of the monolayer (blue line) and the trilayer (green line). The subfigure is adapted from [97]. (b) SHG
spectra of monolayer alloy with the doping of Se atoms measured over A and B excitons. The subfigure is adapted
from [271].

In Figure 7.1a, Malard ef al. characterized a monolayer MoS; with the absorption and SHG spectra
[97]. This work showed the absorption of monolayer MoS; over A, B, and C-excitons, observed
by three distinct peaks in the range from 1.9 - 2.8 eV. The y® value was measured in the range
from 2.4 - 3.2 eV and exhibited a peak at 2.8 eV corresponding to the C-exciton. In a similar work,
Le et al. have reported the higher y® value of monolayer MoS; in resonance to A and B excitons
as depicted in Figure 7.1b (black dotted line) [271]. Both these works were performed on MoS;
monolayers deposited on a planar substrate. The enhancement of SHG over excitonic band energies
might be a reliable tool to examine the quality of 2D materials and provides a basis for the active

design of narrowband resonators.

Noticeably, the dependence of SHG of 2D TMDs on the layer thickness [97, 99, 105, 115] and the
crystal orientation [281, 282] has been studied intensively. Exploiting the high sensitivity to the
crystal structures, such as the layer number, the crystal orientation, and the phase transition, SHG
could be an effective and non-destructive characterization tool [283]. For instance, Li et al. showed
that they can distinguish the odd- or even-numbered layers of hBN by monitoring SHG signals
[105]. Besides, Zeng et al. revealed the quadratic increase of SHG intensity to the thickness of 3R-
phase WS, [284]. Thus, the layer numbers (thickness) of 2D materials could be probed through the
SHG intensity. Furthermore, the two polarization components of SHG in a monolayer TMD depend

on the crystal orientation, and hence, SHG can be used to probe the crystallographic orientations
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as well. Moreover, SHG is demonstrated as a versatile tool to monitor the strain from TMD crystals
[281, 282, 285], which makes TMD-coated ECF a new non-destructive platform for stress or strain

sensing.

Some works have been carried out to prove the significant nonlinearity of hybrid systems between
2D materials and optical fibers using thermal poling of the step-index fiber [142] or using hollow-
core fibers and photonic crystal fibers [143]. In the former approach, the two enclosed air holes
near the fiber core were deposited with multilayer MoS» from a solution-based deposition method.
In this work, multilayer MoS: interacted with the guided modes to enhance the nonlinear coefficient
up to 10 %. The closest distance from the edges of two air holes to the fiber center is in the range
from 7.2 um to 13.6 um. The fiber has a core diameter of 4 um. This large distance between the
location of the multilayer MoS> and the fiber core has limited the strength of the evanescent field
overlapping with the MoS, multilayers. Moreover, the enclosed air holes would make the scalable
integration of the MoS:> to the optical fiber more difficult, then hamper its application for integrated
photonics. The latter method is a two-step growth of TMD crystals from an aqueous precursor and
a CVD process. The loading of Mo sources into the fiber’s air holes by capillarity is an obstacle to
scalability, and it is time-consuming. Also, the lack of access to the localized TMD crystals inside
the air holes will further restrict the optoelectronic applications of the hybrid system, such as remote
sensing or single photon sources. Some other works reported the integration of monolayer TMDs
with waveguides relied on the mechanical transfer of TMDs on waveguides [137, 138, 286]. These
approaches are not suitable for mass production. In previous chapters, ECFs have proved their
potential in PL and THG processes, then they are expected to establish a novel second-order

nonlinear platform with the growth of monolayer TMDs.

Monolayer TMDs belongs to the point group Dsn, therefore it has only one independent,

nonvanishing susceptibility tensor element [97, 99, 280]

@ _ @) _ ) _ ) _ )
XL = Xinxxx = “XiLxyy = ~XiLyxy = ~XiLyyx’ (7.2)

where x is the armchair direction of the monolayer and y is the orthogonal zigzag direction.
Equation 7.2 shows that only in-plane nonlinear tensors exist for this material group. Figure 7.2a
illustrates the three atomic planes of the monolayer MoS; with the Cartesian coordinate. The XY
plane is the in-plane of the monolayer, whereas the out-of-plane contains the Z component. Thus,

the excitation field should have polarization in the monolayer plane to achieve maximal efficiency.
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Figure 7.2: (a) Side view of monolayer MoS, where Mo is displayed in blue and S is displayed in yellow. (b) Basal
plane view of monolayer MoS, with zigzag (ZZ) and armchair (AC) directions. The three-fold rotation symmetry is
clearly presented for zigzag and armchair directions.

From Equation 7.1, the SHG process can be confirmed by the quadratic dependence of the SHG
intensity (I, ) on the pump intensity (I,,), expressed by I,,, = A X I2, with A is a coefficient or
prefactor. A logarithmic fitting with a slope of 2.0 at the SH wavelength is the fingerprint to confirm
the observation of SHG from our hybrid waveguides. Furthermore, SHG exhibits polarization
dependence on the relative angle between the armchair direction and input polarization of FWs.
The armchair and zigzag direction of monolayer TMD is the specific crystallographic direction
formed by the arrangement of atoms within the lattice structure and is recognized from the basal
plane view in Figure 7.2b. The three-fold rotation symmetry happens for both zigzag and armchair

directions.
The polarization resolved SHG intensity can be expressed by [97, 287]

IélHG = I,cos%(30 + @),

Isiic = Ipsin?(36 + o), (7.3)
where [ is the maximum SHG intensity, 6 is the angle between the incident laser polarization and
x-direction of the experimental coordinate system, and ¢ is the angle between the armchair
direction of the crystal and x-direction. This coordinate is shown in Figure 7.3a. IQHG is the SH

intensity collected when the input and output polarizations are parallel, whereas Igp¢ is the SH

intensity collected when the input and output polarizations are perpendicular to each other.
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Figure 7.3: Polar plot of SHG from monolayer MoS; in relation to the laser polarization. (a) The monolayer is marked
by the triangular shape, é,, is the laser polarization, the orange line shows the armchair direction of the monolayer. (b)
The SH intensity was measured in both cases in relation to the angle 8. (¢) The normalized SH intensity was plotted
using equation 7.3 with a known angle ¢ = —45° between x axis and the armchair direction.

From Equation 7.3, one can see the sum SHG Igyg = I!HG + Iggig at an arbitrary angle is constant.
In the measurement of SHG from bare ECFs and from TMD-coated ECFs, there was no selection
of the emitted SH polarization. Additionally, the polar plot of SHG intensity relating to the linear
polarization axis can reveal the crystallographic orientation. The SHG gets maximum when the
input polarization points along the armchair (zigzag) direction of the crystal for the parallel
(perpendicular) configuration. For example, a triangle monolayer TMD will show a six-fold pattern
by rotating the sample while fixing excitation polarization and analyzer [252, 288-290]. This six-
fold pattern is connected to the triangular shape of the crystal and exhibits three-fold rotational

symmetry. In our experiment, the input polarization of the pump laser has been rotated with respect

to the x-direction.

Figure 7.3a shows a triangle monolayer MoS, grown on a SiO; wafer by our modified CVD
process, and the SH emission can be seen by the bright spot at the position of the laser on the
monolayer after filtering the FW by band-pass filters. There was no observable SH emission when
the laser was at the position of the bare substrate. Figure 7.3b displays the measured SH intensity
from the crystal in two cases: IélHG and Ig5c. There is a phase shift of 30° between them coming
from the sine and cosine functions in Equation 7.3. The SHG shows the dependence on the angle
between the laser polarization é,, and the x-direction. Using Equation 7.3, one can vary the ¢ value
until the calculated pattern in Figure 7.3c matches the experimentally measured pattern in Figure
7.3b to determine the crystallographic orientation of the monolayer. In our case, with an estimated
angle of ¢ = —45°, the six-fold patterns of IQHG and Igr;¢ in Figure 7.3c are completely matched
with the measured results. It confirms that SHG can be used to measure the crystallographic
orientation of monolayer TMDs. In another scenario, a 4-fold pattern can be resolved when rotating

the excitation polarization with a fixed sample and analyzer [291].
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7.2 SHG in TMD-coated ECFs

SHG emission

MoS, monolayer

- Exposed core fiber
. Excitation NIR laser

Figure 7.4: Illustration of the concept to demonstrate SHG with as-grown monolayer MoS; on an ECF. Figure is
adapted from [205].

The concept of SHG on the TMD-functionalized optical fibers is illustrated in Figure 7.4. Due to
the nature of an amorphous and centrosymmetric material, the bare silica fiber should not exhibit
any SHG when interacting with an intense electromagnetic field except for the trivial surface SHG
arising from the broken symmetry at the interface. The coating of highly nonlinear monolayer
TMDs on the fiber core can establish an efficient nonlinear platform to generate second harmonic
waves. Similar to PL and THG, the interaction between the guided modes and monolayer TMDs is
supported by the evanescent field. The emission of SHG from monolayer TMDs can be detected

via guided modes.

In this chapter, two main lasers have been used for different investigations. SHG from ensembles
of TMD atomic crystals on optical fibers have been excited with a Coherent Micra Ti:Sapphire
short pulse oscillator system, which has the central wavelength at 800 nm and a Mira OPO-X from
APE pumped by a Ti:Sapphire mode-locked laser (Chameleon Ultra II from Coherent) which can
be tuned from 1000-1600 nm. Both systems are operating with a repetition rate of f = 80 MHz.

The Micra operated at a central wavelength of 4, = 800 nm. The pulse autocorrelation function is
displayed in Figure 7.5a. The FWHM of the pulse itself is estimated as T = Tycg/V2 from the
FWHM duration of the autocorrelation Tycg. The pulse spectrum was also measured and showed a
spectral FWHM of approximately 70 nm. These numbers demonstrated that the pulse is heavily
chirped, as the FWHM of the spectrum would allow for a pulse duration of fewer than 35 fs.
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Figure 7.5: Pulse parameters. (a) The measured intensity autocorrelation (red) and the Gaussian fit (dotted black) of
the pulse at 800nm for NIR laser. (b) Pulse intensity and phase of the OPO at 1400 nm. Figure is adapted from [205].

For the measurement of SHG as a function of excitation wavelengths, the Ti:Sapphire/OPO
combination was used with tunable pulses from 1.0 pm to 1.6 um. The pulse duration was estimated
by measuring the autocorrelation of the pulse. The temporal pulse shape and temporal phase of the
pulse were extracted from the autocorrelation by careful analysis of the autocorrelation’s fringe
pattern [292]. The pulse is propagated through the used aspheric lens and displayed in Figure 7.5b.

We estimate a near transform-limited pulse duration of 224 fs. The pulse parameter has been found

HWP/

Polarizer  Aspheric Lens  Monolayer MoS, < =BPF Lens

Light Source B q % |:| O Spectrometer

Flip Mirror

to not vary significantly by tuning the wavelength.

800 nm, 80 MHz, 162 fs pulsed

Figure 7.6: Schematic diagram of the experimental setup for SHG measurements. HWP: half-wave plate, BPF: band-
pass filter. ECF: exposed-core fiber. Figure is adapted from [205].

Figure 7.6 shows the schematic of the experimental setup that has been used to investigate in-fiber
SHG. In this section, high-density coated ECFs were measured with a Ti:Sapphire pulsed laser
from Coherent, which has a central wavelength of around 800 nm. Some main parameters of the
laser are the repetition rate of 80 MHz and the pulse width of 162 fs, as plotted in Figure 7.5a. The
incident pulses were coupled into the fiber core using an aspheric lens (C330TMD-B) with a focal
length of 3.1 mm and NA = 0.7. We use an aspheric lens instead of a microscope objective to
reduce the dispersion of the pulse. Light leaving the fiber was collimated with a 40x objective and
coupled into a spectrometer (Horiba Jobin Yvon Triax) with a cooled Si-CCD-detector to measure

the FW and SH spectra after passing through a series of band-pass filters at 400 nm. The input
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optical power was controlled by combining a half-wave plate and a linear polarizer, as shown in
the schematic experimental setup. The input polarization was adjusted by a second half-wave plate

in front of the aspheric lens.
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Figure 7.7: In-fiber SHG from bare and MoS,-coated ECFs. The input light has the horizontal polarization with respect
to the functionalized surface. (a) Fundamental-wave spectrum of MoS;-coated fiber at an incident optical power of 80
mW. (b) Normalized SHG spectra of both bare and MoS»-coated fibers measured at different input powers. The spectra

from bare ECF was multiplied by a factor of 50 for ease of presentation. (¢) Log-log plot between SHG power vs input

power for the MoS;-coated fiber. (d) Calculated SHG enhancement e€gyg = P]\S,[lggz /PSHS for a range of input powers.

Figure is adapted from [205].
While bulk silica itself has almost zero second-order susceptibility because it is a centrosymmetric

medium, except for a minor contribution originating from the interface of the fiber core [191]. The
boundary of the silica core has a broken symmetry with a normal vector pointing perpendicular to
the optical axis leading to a trivial surface SHG. In this work, the SHG from an MoS»-coated ECF
is compared to surface SHG from a bare fiber with the same length to qualify the hybrid
waveguides. During the experimental measurements, both the spectra of the SH and the driving
FW were recorded simultaneously. Here, the MoS»-coated ECF has a length of 3.5 mm to minimize

loss-related effects and the breakup of the propagating pulses.

Figure 7.7a presents the recorded spectrum of the FW from the output of the fiber for an averaged
input power of 80 mW. Figure 7.7b displays the recorded SH spectra for a pair of ECFs with the
same length and demonstrates that the SHG of the MoS;-coated ECF is much greater than the
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surface SHG of the bare ECF for different input powers. From the spectra in Figure 7.7b, the SH
power was calculated as the spectral integration of the SH intensity in the range from 390 nm to
430 nm. For ease of display, the SH intensity from the bare ECF has been multiplied by a factor of
50. The discrepancy between the shape of the SH spectrum between the MoS;-coated fiber and the
bare fiber is attributed to the frequency dependence of the nonlinear response of the monolayer
MoS;. The nature of SHG in the MoS;-coated ECF is confirmed by a quadratic dependence of SH

intensity on the input power in Figure 7.7c, where the log-log plot reveals a slope of 1.95.

The enhancement factor gy of SHG between the 3.5 mm-long MoS;-coated ECF and the identical
plain fiber is plotted in Figure 7.7d. For 20 mW input power, the enhancement factor is roughly
1110-fold, and it declines gradually for higher powers. Interestingly, the surface SHG from a bare
fiber shows a fitted exponent higher than a quadratic with a slope of 2.34, displayed in Figure 7.8.
It helps to explain the decrease of egyg with increasing powers in Figure 7.7d. The decrease of the
enhancement factor in the higher power is likely due to the faster increase of surface SHG from the
fiber itself (a slope of 2.34) compared to the SHG from MoS: monolayers (a slope of 1.95).
However, the absolute amount of SH power still increases proportionally to the input power. Such
substantial enhancement of SHG is attributed to the contribution of MoS> monolayers on the ECF,

and the deposition of monolayer MoS; turns ECFs into a y ?-based nonlinear system.
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Investigating the SHG from an MoS;-coated ECF while varying the fiber length may provide some
useful information to get the maximum nonlinear conversion efficiency. At first, the polarization
of the incident light was fixed horizontally to the functionalized surface of the ECF. The incident
power varied from 10 to 80 mW, and the collected spectra were analyzed to extract the SH power.
The setting was unchanged throughout this measurement. The fiber has an original length of 12

mm with a highly dense coating of the monolayer MoS,.

The SHG power was plotted in Figure 7.9a. The violet balls present the data of the 12 mm-long

fiber with the dotted line fitting very well with a quadratic equation. Then, the fiber was cut short
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to only 3.5 mm and coupled to the excitation light source. The shorter fiber, displayed by the orange
triangles, exhibits greater SH power than the original one. SH power also follows a quadratic
dependence on the input power, confirming that the signal was the second-harmonic wave. The
SHG power increased 2.5 times for the short fiber at 80 mW. It is mostly due to the higher coupling
efficiency in the case of 3.5 mm-long fiber, leading to 1.4x increase in the transmitted power
compared to the 12 mm-long fiber. Because the SH power is proportional to FW power square, it
will increase double in SH power for the short fiber. The increase of coupling efficiency seems to
be related to additional propagation losses experienced by the FW wave in the longer fiber. Also,
the deposition of MoS, monolayers is inhomogeneous throughout the fiber length, and it can be the
case that most of the monolayers are located in the 3.5 mm-long section of the fiber. Hence, the
shorter fiber retained the contribution of MoS> monolayers to the collected SH power while
reducing the propagation loss significantly. The additional explanation could be the stronger
influence of phase mismatch and the increased impact from the pulse breakup in the longer fiber,
decreasing the SH power.
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Figure 7.9: Nonlinear dynamics of SHG in MoS;-coated fibers. (a) SHG power of the 3.5 mm-long MoS,-ECF vs the
12 mm-long MoS,-ECF measured with a cut-back technique. (b) The feature of SHG over a wide range of FW
excitation. Figure is adapted from [205].

Figure 7.9b reveals the SH spectra recorded from a Si-cooled spectrometer when the fiber was
coupled and excited by a tunable OPO laser with a repetition rate of 80 MHz and a pulse width of
180 fs. The transmitted power was kept at 10mW for all FWs, and the output signal was collected.
From Figure 7.9b, the FWs have been tuned from 1100 nm to 1600 nm with a gap from 1380-1390
nm due to the instability of the laser at these wavelengths. The correspondent SH is expected in the
range from 550 nm to 800 nm, which is over the A and B excitons energy of MoS, monolayers.
The A exciton of the monolayer MoS: is around 680 nm (1.82 eV), while the B-exciton is around
620 nm (2.0 eV). The recorded spectra reveal the enhancement of the SHG process when the SH

wave is near exciton band energies. The highest enhancement is determined to be at 660 nm, which
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is near the A exciton, whereas the second highest enhancement is at 620 nm, which is near the B
exciton band. The stronger enhancement of the A exciton can be explained by the dominant PL of
this exciton compared to the B exciton. Remarkably, the SHG near A and B-excitons is from 2 to
10 times higher than that of off-resonance wavelengths. The behavior of the SHG process of the
MoS;-coated ECF is equivalent to other works carried out on planar substrates [97, 118, 271, 279].
Hence, this measurement demonstrates that ECFs can be a versatile platform to qualify the optical

properties of 2D materials.

7.3 Isolated monolayers on ECF

Since phase-matching intensely influences the SHG efficiency, the random distribution of many
monolayers on the fiber core will lead to an incoherent and partially destructive SH signal. That is
elusive to evaluate the effective nonlinear susceptibility of the system in that case. Therefore, we
have utilized a pulsed laser to thermally ablate unwanted crystals on the fiber, just keeping one
crystal in the phase matching length. A low-density MoS»-coated ECF has been chosen as a sample
to measure the y® value. The MoS,-coated ECF was characterized by PL mapping along the fiber
length of 12 millimeters to locate the position of each monolayer on the fiber core. The result turned
out that each monolayer has a distance from tens to hundreds of micrometers to the nearby crystals.
A monolayer with a good PL and the armchair direction pointing along the fiber axis was selected
to retain while the other crystals will be removed. The horizontally polarized input light will have
the maximum coupling with the nonlinear tensor in this chosen monolayer because they are both

in the monolayer plane.
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Figure 7.10: The thermal ablation process to establish isolated crystals on ECF. Figure is adapted from [205].
Figure 7.10 illustrates the thermal ablation process to remove all unwanted crystals on the fiber
core. A Pharos pulsed laser with a pulse width of 200 fs, a central wavelength of 1030 nm with a
frequency doubled to 515 nm, and a repetition rate of 100 kHz has been used to generate the heat
and focus on the core region. The laser was mounted on a translational stage and traveled with a

scanning speed of 100 um/s. The excitation light was focused by a 200 mm focal lens to create a
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focus with a width of approximately 60 um. By the pulse energy of 4 pJ, the thermal heat can

remove all crystals on the fiber core and side walls in the ablated region.

To protect the chosen monolayers, a silicon wafer with a size of 1 x 1 cm was put on top of the
fiber during the ablation process. Eventually, we obtained the chosen monolayer with a well-
defined crystal orientation near the left edge and another monolayer with a big size near the right
edge. To confirm the successful ablation, the fiber was analyzed again using the identical PL
microscopy and checked for every position on the fiber core to verify the complete removal of

unwanted monolayers and the preservation of the chosen one.
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Figure 7.11: Isolated MoS, monolayers on the fiber’s core. (a) PL emission of the first monolayer on the left side. (b)
PL emission of the second monolayer on the right side of the fiber. (¢) The normalized PL spectra of both monolayers
after the ablation process. (d-e) MoS, monolayers at different positions on the fiber’s core before and after the ablation
process. The color bar is identical for subfigures (d-e). Figure is adapted from [205].

Figure 7.11a-b exhibit the PL map of isolated monolayers, where the first monolayer has the
armchair direction parallel to the fiber axis, and the second monolayer has a large size with
undefined crystallographic orientation. The PL recorded from both monolayers is displayed in
Figure 7.11c to confirm the high quality of such monolayers after the ablation process. Figure
7.11d-e reveal various monolayers located in different positions on the fiber core before and after
the ablation, respectively. The black image in Figure 7.11e proved the success of removing
unwanted monolayers by a pulsed laser. Both Figure 7.11d and Figure 7.11e have the same color

bar, and the fiber core is in the center of all images.

A sketch of the experimental setup to record the SHG from the MoSz-coated ECF before and after
the ablation process and to evaluate the surface SHG from a bare ECF is depicted in Figure 7.12.
A tunable Mira OPO-X from APE pumped by a Ti:Sapphire modelocked laser (Chameleon Ultra
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II, Coherent) was focused into the fiber’s core using an aspheric lens. We must clarify that the
tunable OPO laser and the experimental setup in this section are different from the tunable laser
and the setup used to create Figure 7.9b. The light coupling onto the fiber is optimized by an
infrared Xenics camera. The SH light from the fiber’s core was imaged onto the visible Thorlabs
camera (CC215MU) after passing through a pair of 850 nm short-pass filters. For each data point
in the calculation, the images were corrected by subtracting the noise from the lab environment.

The settings were kept unchanged for all fibers in this section.

j Oxwﬁrror
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OXFIip Mirror
HWP/

Aspheric
Polarizer  |Lens MoS, BPF Lens
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/ \\_\-
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H O Spectrometer

Flip Mirror
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224 fs pulsed (for SHG)

Figure 7.12: Experimental setup to measure SHG from MoS;-coated ECF before and after ablation process. ECF:
exposed core fiber, HWP: half-wave plate, BPF: band-pass filter. SPF: short-pass filter. Figure is adapted from [205].

Due to the weak signal from isolated monolayers, a visible camera was utilized to collect the SH
signal imaging from the output of the fiber after filtering the pump laser. The fundamental
wavelengths were selected from 1280 to 1400 nm because of some factors. The loss is less
pronounced, and the reference data of the y® value is reliable in this range. Besides, the pulsed
laser has good stability in the selected range. The corresponding SH will be from 640 nm to 700
nm, which is over the A-exciton band, then can give more information about the nonlinear
properties of MoS, monolayers. From wavelength-dependent SHG in Figure 7.9b, A-exciton has
shown a better enhancement than B-exciton, therefore SH wave near this exciton band is expected
to have a higher nonlinear susceptibility. The setup was calibrated to obtain the absolute SH power
from the greyscale images by converting ADU (analog to digital unit) to the electron and then from
the electron to the photon. This thermoelectrically cooled sSCMOS camera has a medium read noise
of 1.4746 ¢ (r.m.s.) and a gain of 0.4853 e per ADU. The signal loss in this setup was determined
as high as 36.6% and will be compensated for the collected number of photons. The transmitted

power was kept at 7 mW through the fiber.

The original coated fiber has about thirty crystals that contributed to the SH power, and after the

removal, we retained two isolated crystals on each side of the fiber. Figure 7.13a displays the SH
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power for both fibers in the range from 640 nm to 700 nm. For both fibers, the SH power was
highest at 680 nm, which is at the A-exciton band of MoS, monolayers. This finding indicates that
the origin of the enhancement comes from monolayers. The SH power was dropped by a factor of
15 to 25 for the case of isolated crystals, depending on the wavelengths. The reduction of the SH
power with declining nonlinear crystal length is expected. The variation of the SH power ratio
between the two cases is likely caused by the random crystallographic orientation, length, and
spacing, leading to the incoherence of SHG from each monolayer. The higher SH power ratio
between two fibers near B-exciton energy is probably due to the different dynamics of this exciton.
Additionally, only A-exciton was observed in Figure 7.11c, therefore, the role of B-exciton in the

case of isolated crystals is less noticeable.
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Figure 7.13: (a) Measured SH power emitting from thirty MoS, monolayers on 12 mm-long ECF (before the laser
ablation) vs isolated MoS; monolayers on 12 mm-long ECF (after the laser ablation). (b) Measured SH power emitting
from only 02 monolayers vs from 12 mm-long ECF. Subfigure (a) is adapted from [205].

With the known surface SH power measured from the bare ECF, we can calculate the sole
contribution from isolated crystals. Figure 7.13b displays the SH power calculated for isolated
monolayers after the ablation and the surface SHG from a bare ECF. While the enhancement of
SHG over A exciton can be observed for MoS: monolayers, the surface SHG is almost independent
of the wavelengths. This confirms that the enhancement of SHG is solely coming from the
monolayers. Remarkably, the SH power emitted by isolated crystals with a total length of 30 um

is twice as much as the surface SH power from the entire fiber with a total length of 12 mm.

7.4 Nonlinear simulation and analysis

Because the monolayer TMD has only the in-plane second-order susceptibility tensor, thus any
excitation field which has polarization in the crystal plane can generate SH efficiently. The large

curvature radius of the exposed surface where the TMD flakes are located results in higher
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efficiency for horizontal polarization of the FW. Here, the polarization of FW in the experimental
setup is represented as the x and y axes (Figure 7.14a), while the coordinate system of the
monolayer TMD is shown by the xm and ym axes. In the experimental condition, we considered
the two FMs at FW contributing to the generated SH, therefore the projection of the EEW and E f,w
into the monolayer plane along the exposed core at an arbitrary point can be expressed as

Exm = ExVcosa — E;Wsina (7.4)

E;n = ExVsina + E3"cosa, (7.5)
here a is the angle between the monolayer plane and the x axis at the calculated point, as illustrated

in Figure 7.14a.

(a) (b)

Xm

Figure 7.14: (a) The decomposition of electric field strength at a random point on the curvature of the fiber core. x,y
denotes the coordinate from the experimental setup. xm, ym show the coordinate of the monolayer. (b) The random
orientation of a monolayer MoS; with an angle 3 in relation to the xm axis. AC is the armchair direction and ZZ is the
zigzag direction of the monolayer.

The value of the angle a along the curvature of the exposed core varies depending on the position.
Therefore, the contributions from E;" and E also depend on the location. Near the center of the
fiber core, the angle a reaches the minimum, then EEW has a greater impact on EEY than E 3F,W.
Nevertheless, the vertically polarized input field remains nontrivial in the SHG process.

For the entire curvature of the exposed core, the projected electric fields in the monolayer plane

can be written as

n
EEY = Z(E,chcosa — E}VVsina) (7.6)
i=1
n
ERY = Z(Eiwsina + E;Vcosa) (7.7)
i=1
n
BN = ) EEV, (7:8)
i=1

where n is the number of calculated points on the blue curve in Figure 7.14a.
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Similarly, the generated electric field of SH in the monolayer plane can be written as

n
ESH = Z(EJSCHcosa — E3fsina) (7.9)
i=1
n
Esh = Z(EiHsina + E5fcosa) (7.10)
i=1
n
ESH = 2 ESH (7.11)
i=1

To calculate the projection of the electric field at FW on the monolayer plane with some random
orientations, we assumed a monolayer that has the armchair direction oriented an angle f to the
xm direction in Figure 7.14b. The monolayer plane is indicated by the xm-z plane, whereas ym-z
is the out-of-plane. Due to the six-fold pattern of the SH intensity in relation to the angle £, within
each 60°, the projection of the electric field on the armchair (AC) and zigzag (ZZ) direction of the

monolayer is given by

EEY = Z(Emcosﬁ + E™VWsing) (7.12)
B=0
T
3
EEY = z(—Emsinﬁ + E™Wcosp) (7.13)
=
Vs
3
ESH = z(Eggcosﬁ + ESMsing) (7.14)
=
Vs
3
ESH = Z(—E,chsinﬁ + ESHcospB) (7.15)
=

TMDs belong to the Dsn point symmetry, so the polarization dependence of SHG for a monolayer

EZ (w)
5
EZ (w)

can be written in the form

2Ex(w)E;(w)
2Ex(w)Ey(w)

2

PECa)\ % A% 0 0 0

() = 2
B®(2w) 0 0O 000 O k
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where x denotes the armchair direction and y denotes the zigzag direction of the crystal. In the case

of monolayer MoS;, we neglect the out-of-plane direction (z-component), then the Equation 7.16

becomes
(P@ (2w>> . (xii&EAcw) + Xiyy B3 (w>) 717)
P 2w) 22Xy Eac(@)Ezz(w)
From Equation 7.2, we know that )(ﬁ)xxx = )(ﬁ)xyy - )(ﬁ)yyx, so Equation 7.17 reads as
P2 (2w) E2o(0) — E2;(w)
(2) EOXJ(cfc)x (_AC zz ) (718)
7 (2w) 2Epc(w)Ezz(w)

Equation 7.18 shows that the interaction of two electric field vectors with the same polarization,
for instance, both along AC or ZZ direction will yield a nonlinear polarization pointing along the
AC direction. Whereas, the coupling of two electric fields with orthogonal polarization will result

in a nonlinear polarization pointing along the ZZ direction.

The SH overlap coefficient )(gf) governed by the overlap between the excited FW and the generated

SH for every MoS; flake with different orientation is given as

ng) f{ESHAC(EFWAC EZwzz) — 2EsuzzErwacErwzz} dl, (7.19)

where [ is the length of the boundary containing the data points such as the blue curve in Figure

7.14a. Due to the random distribution of the monolayers on the boundary, the )(gf) coefficient was

calculated as the average value for all possible orientations.

The SHG process profoundly depends on the phase matching and mode matching between the FMs
of the FW and the HOMs of the SH. As discussed in the THG process, our ECFs support the
intermodal phase matching between the FWs and their SHs. For ease of presentation, we considered
only the two FMs with mostly horizontal and vertical polarization that have been excited in the
experiment. Figure 7.15a shows the electric field distribution inside the core region of the
horizontally polarized FM at 800 nm. Since the excitation laser has a central wavelength at 800
nm, the simulation was calculated for the range from 700-900 nm, which fully covers the spectral
frequencies of the pulsed laser. Figure 7.15b shows the calculated refractive mode indices for two
degenerate FMs from 700-900 nm and 50 HOMs at SH from 350-450 nm. The region of interest is
marked in the gray area corresponding to the recorded SH spectra from the measurement. The
effective mode indices of FMs are displayed in the solid lines, whereas the HOMs of SH

wavelengths are shown as colored dots. The phase matching occurs within a length scale of crystal,

which is determined by the following condition: An = [nfW — nSH| < Ay /(nL.), with A is the
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fundamental wavelength, and L. = 7 pm is the typical length of an MoS; monolayer on the fiber
core, leading to An = 0.03. Only the modes that fulfill such conditions can be considered, and they
are within the yellow phase-matched band in Figure 7.15b. Figure 7.15c reveals the normalized
overlap factor, which is calculated using Equation 7.19. From our calculation, the SH modes will

be the most efficient with an x-polarized excitation beam (the blue bars) compared to the y-

polarization in red bars.

FW (nm)
720 760 800 840 880

—_—
o
—

-
~
[&)]

8144
£
2143
0
£
o 142+
=
g
ﬁ LE AN SH modes
1.40+ Pew, hDFi_ZontaI pol.
Vi, Vertical pol.
1.39 L . ‘ ‘ =
360 380 400 420 440
SH (nm)
1 : | | |
—e& FW x-Pol.
n"W (A, =800 nm) —> —e FW y-Pol.
. 0.8 - 7
e
§ ™
g o
% 0.6 - 7
5 ™
: [ ]
gol
9
ﬁ 04 ° ' |
e L ] .
5 9
2 ' ¢ !
- ( L ] “
al " ‘ ? 1 N
[ ] !
0 \ ! | * * r ; ¥ | :

1.405 1.41 1.415 1.42 1.425 1.43 1.435 1.44 1.445 1.45 1.455
Mode refractive index Ny

Figure 7.15: Numerical simulation of SHG process in MoS,-coated ECF. (a) Simulated norm of the electric field
distribution of the horizontally polarized FM at 800 nm (The white double-headed arrows denote vertical and horizontal
polarization). (b) Effective mode indices of FMs (full lines) and SH modes (dotted lines) in the frequency between 700
- 900 nm and 350 - 450 nm, respectively (grey area: pulse spectrum, yellow area: phase-matching region with An <
0.03). (¢) Calculated normalized overlap factors for SH modes for both horizontal- and vertical-polarization of FW
within the phase matching region. The black line is the phase matching point nfW = 1.432,

The SHG efficiency is not equal for all modes in the phase match band due to the mode profiles
and the overlap between the exciting FMs and the coupling HOMs. The polarization of the coupled

pulsed beam will be maintained inside the ECF. Because the monolayer TMDs have only the in-
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plane nonlinear susceptibility tensor, any polarization of the FWs which lies in the monolayer plane
will have the maximum coupling efficiency. The generated SH field of the monolayers will also
polarize along the fiber surface, but only its transversal component can excite or couple back to a
relevant SH mode. The final SH field is the interplay of the interaction of FW with monolayer
TMDs and the transfer of SH output from TMDs to a particular SH mode of the fiber. As the TMD
crystals are oriented randomly on the fiber core, their contribution to the SHG can be slightly
different due to the size and the orientation, but there is no influence on the polarization behavior

of the SH mode.

Because of the unequal contribution of x- and y-polarized FW together with an asymmetry of the
fiber, the SHG varies for different input polarization. We investigated the dependence of SHG
intensity on the input polarization by fixing the input power and rotating the input polarization by
a half-wave plate. Figure 7.16a presents the experimental data plotted as the black line. The SH
power is maximum for the horizontal polarization, which is parallel to the bottom of the exposed
surface. By rotating the polarization further, the SH power decreases gradually to the minimum at
40° before increasing back and getting another peak at 90°. The lowest SHG efficiency in the range
from 40°to 50° can be explained by the weak overlap between FW and the SH modes. Furthermore,
the FMs at FWs tend to support better horizontal and vertical polarization, which might affect the
SHG efficiency as well. The higher efficiency of the horizontally polarized FW in comparison with
the efficiency of the vertically polarized FW is mainly supported by the in-plane nonlinear tensor

of the monolayer TMD and the higher overlap factor.

To reproduce the tunability of SHG as a function of input polarization, we have calculated the
conversion efficiency for all HOMs in the phase-matching region. We also assumed the random
distribution and random orientation of crystals along the functionalized surface. The calculated
results are the average of the contribution for all possibilities, which may lead to the discrepancy
with the real coated ECF. Since we activated the SHG process with the two virtually degenerate
FMs, which have the x and y polarization, we will use both two FMs for the numerical calculation.

The second harmonic power has a relationship with the SH overlap coefficient, expressed by
@]
Xeff

PSHG~ (720)

From Equations 7.6-7.19, E field components of )(gf) are modulated by squared sine and cosine

functions. The product of squared sine and cosine depends strongly on the fiber geometry. Hence,
the SH power is calculated using the following equation

PG =~ Py[cos*(8) + Q sin*(8))], (7.21)
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where 6 is the polarization angle with respect to the x-axis, and Py is the nonlinear response coming
from all possible SH modes at 8 = 0°. Q is the relative impact of a horizontally polarized FW over
a vertically polarized FW in the SHG of hybrid waveguides. A value of Q = 1.23 is found from the
experimental data, whereas from the numerical simulation, Q = 4.0 is found based on our
assumption and the simplicity of our model. This discrepancy is unavoidable due to the complexity
of the material system, the random distribution and orientation of as-grown monolayers, and the
involvement of multiple modes in reality. However, we could obtain an agreement between
experimental and numerical data that the horizontally polarized FW has a better SHG efficiency

than the vertically polarized FW.

(a) 2.5 T T T T T - T
——Exp. result
Total
ol —Justx-Pol. | |
—Just y-Pol.
5
31.5
o
=
[¢)
o
T 1T
w
0.5
O |
0 10 20 30 40 50 60 70 80 90

Input Polarization (°)

Figure 7.16: SHG tunability by rotating the input polarization. (a) SH intensity vs. input polarization in comparison
with the functionalized surface, 0° indicates horizontal polarization and 90° indicates vertical polarization for both
experimental result and numerical calculation. x- and y-polarizations mean the near-degenerate fundamental modes
with mostly horizontally or vertically polarization directions, respectively. (b-d) Experimentally recorded images of
the mode pattern during the SHG process at the facet of an MoS,-coated ECF. (b) Input polarization at 0°. (¢) Input
polarization at 40°. (d) Input polarization at 90°. Figure is adapted from [205].

The qualitative conversion efficiency of SHG as a function of input polarization is displayed in
Figure 7.16a as a dashed cyan line. It is the sum contribution from both x and y polarized
components. The intrinsic contributions of the x- and y-polarization components are shown in the
blue and red solid lines, respectively. With an adjustment factor Q = 1.23, the characteristics of the
SHG from the MoS;-coated ECF are numerically reproduced. This behavior is presented by cosine
and sine functions in Equation 7.19, which is derived from the projection of the FH field onto the
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horizontal and vertical parts of the ECF surface. The square of the FW field in the SHG power
formula leads to the modulation of the fourth power of the cosine and sine of the polarization angle,

as expressed in Equation 7.21.

The structure of the SH modes recorded at the output of the fiber is depicted in Figure 7.16b-d. All
recorded images at SH wavelength showing a multi-lobed feature of the guided modes have proved
the intermodal phase matching between FMs at FW and HOMs at SH. This finding is consistent
with the phase-matching condition pointed out in Figure 7.15b. The intensity of the field profiles
is asymmetric for both zero and 90 degrees, which can be attributed to the non-symmetry of the
fiber. The HOMs at the second-harmonic wavelength do not differ much with the change of input
polarization, except for the variance of the localized field inside the fiber core. The spatial shape
and polarization of the HOMs will have an important effect on the highly localized nonlinear

polarization of the crystals, similar to the THG process, leading to the tunability of SH power.

7.5 Effective nonlinear susceptibility of TMD-coated ECF's

As an attempt to evaluate the y@ value of our TMD-coated ECFs quantitatively, we have used the
measured SH power and numerical data for the calculation. In the experiment, a pulsed laser was
utilized to excite the fiber, and the relation from peak intensity to time-averaged power is
constructed assuming Gaussian-shaped pulses and Gaussian beam optics. The average SH power
Py jk» which is generated in the j th mode of the fiber and excited with an unchirped Gaussian
pulsed laser is given by [116, 205, 293]

1 sm( k)l
Poiy iy = ———— . [2P2 l (7.22)
SH, jk 1.06\/7Tfnjk FWk

where 1 is the conversion efficiency of the k" fundamental wave into the j* second harmonic
mode, L is the nonlinear interaction length, Pgy  is the average power of propagating fundamental
wave in the k" mode, T is the full-width at half-maximum of the pulse duration, f is the repetition
rate, and §j; = (k}:W - kjSH / Z)L is the phase mismatch of the k" fundamental mode and the j*"

second harmonic mode. The components of conversion efficiency can be extracted from numerical
eigenmode solutions, which were calculated from the spatial distribution of the guided modes using

a FEM-based solver (COMSOL).

From sections 7.2 and 7.3, the enhancement of SHG is maximum at the wavelength Agyg =
680 nm, which is in resonance with the A-exciton, then the corresponding fundamental wavelength
is Apw = 1360 nm. Near the narrow band of the exciton, a slight change in fundamental

wavelengths can bring a remarkable variation in the nonlinear response of the monolayer MoSo.
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Here, the nonlinear susceptibility will be calculated for this A-exciton band energy. The phase
mismatch plays an important role and strongly affects the generated SH power. Hence, only the
modes in the phase matching can be observed and contributed to the SHG process. The phase
matching is only satisfied within a certain length of the crystal, and the modes need to fulfill the
condition: Any = |n,1zw — n]-SH| < A¢/(mL.), where L.~ 7 um is the mean length of the
monolayer MoS,, and A, is the excitation wavelength. It results in An < 0.03. In the experiment,
the input polarization was mostly kept horizontally, thus, the k-index might be negligible. From
Figure 7.15b and Figure 7.16b-d, the FMs at the FWs phase match only with high-order SH modes,
so the HOMs at SH wavelengths will be included in the calculation.

The nonlinear conversion efficiency for a TMD crystal oriented with its symmetry direction across
the fiber, from FW mode k" to SH mode j*" is defined as [205]
8m? &

2
€ocAgntVe ndH Aj

T]jk = d?ff, (723)

where €, is the vacuum permittivity, c is the speed of light, n™V and anH are the effective refractive

indices of the fundamental mode at A, and the high-order mode at the second harmonic,

respectively. d gy is the effective nonlinear susceptibility tensor component of the nonlinear
material, which in the case of a monolayer TMD is d ¢ = % )(,(Ci)x &k 1s the field overlap, and Ajy

is the effective mode area. The nonlinear response is completely excited by the in-plane component
of the electric field to the monolayer surface. In TMD-coated fiber, the tensorial x-direction is not
only in-plane with the chosen monolayer’s surface but also perpendicular to the propagation z-

direction displayed in Figure 7.11a.

To determine the d.y value in Equation 7.23, some parameters, such as the phase matching
coefficient (sind/&)?, and the mode overlap coefficient §2 /A, have been numerically calculated
for HOMs at Agyg = 680 nm corresponding to Apyw = 1360 nm. The mode conversion efficiency
n/dZs is used as an indicator to determine which mode has the most contribution to the observed
SHG. The SHG process is supported by the intermodal phase matching between the FMs at FW
and the HOMs at SH, so all the HOMs which are in the matching region will be calculated for
phase matching coefficient (sind/8)2. Figure 7.17a displays the calculated phase matching
coefficient for different HOMs at 680 nm. The black dotted line indicates the effective mode index
of the FW in correlation with effective mode indices of HOMs. Figure 7.17b exhibits the mode

overlap coefficient £2 /A, and Figure 7.17c¢ presents the mode conversion efficiency 1/d%;. To
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calculate the effective nonlinear susceptibility, we used the mode M1 because this mode has the

highest potential contribution to generated SH.

Remarkably, Equation 7.23 shows that the conversion efficiency 7 is controlled by two main
components, the first is the field overlap &, which measures the spatial mode overlap factor

between the driven FW and SH modes in the interaction area and is expressed by [205]

Ejk _ ffTMD(E;W,k ' e||(x))2(ESH,j ' e”(x))dxdy , (724)

2 1
|ffTMD|EFW,k |2EFW,kdxdy|3 |ffTMD|ESH,j|2ESH,jdxdy|3

where Egy, and Egy; are the vectorial electric fields of the k™" FW mode and j®* SH mode,
respectively; e (x) is the in-plane unit vector. The integral is performed over the region, where the
2D material is located. Depending on the spatial pattern of the specific mode, the spatial mode
overlap has a typical value between 1072 < & jk < 1 and thus does not strongly affect the overall

SHG efticiency. This small spatial mode overlap is due to the trivial fraction of energy located in

TMD and the infinitesimal thickness.

1
The second component is the effective mode area, given by [205]: Aj, = (A%W’kASH, j)3

3
I oolEFW,kldedy
Apw i = ( - 5 ) > (7.25)
|ffTMD|E rwie| Erwdxdy |
3
(I oo Bt | dxcty)

J= - ,
|ﬂTMD|ESH,j| ESH’jdXdy|

where Aoco indicates the entire cross-section area of the boundary, whereas the denominator is only

Agy

(7.26)

integrated over the cross-section defined by the TMD. The effective mode area is, therefore, a large
number, much greater than the conventional cross-section area of the mode or the waveguide, due
to the significant difference in the integral area. We have to stress that the effective area here is not
an actual geometrical area but rather indicates how well the modes are confined within the
nonlinear part of the waveguide. The large effective mode area, in this case, shows that the mode
is not well confined within the TMD area. That is true because the TMD area is so small compared
to the area of the guided mode. Typical values for TMD-coated fiber are in the order of 0.003 m? <

Aj < 0.1 m?. These values are very large and thus limit the SH efficiency dramatically, as can be

seen from Equation 7.23.
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Figure 7.17: Parameters of HOMs SHG at Apy = 1360 nm, excited by FW with x-polarization. All HOMs were
calculated using Comsol v.5.5 with ECF geometry taken from an SEM image. (a) The phase matching coefficient for
HOMs vs. their respective effective mode index ngg. The effective mode index of FW is marked with a black dotted
line. (b) Mode overlap coefficient £2/A.g, which is an important factor in the nonlinear conversion efficiency. (c)
Mode conversion efficiency 7/d2 is the ratio of conversion efficiency 1 of SHG process normalized to effective
nonlinear susceptibility of the material d ;. Modes with large values will contribute most to the SH observed in an
experiment. (d-f) z-component of the Poynting vector of the three modes with the largest mode conversion efficiency.
Figure is adapted from [205].

In the case of isolated MoS2 monolayers on the fiber, the chosen crystal is within the range of the
coherent length, so the phase-matching is satisfied (AkL = 0). Using Equation 7.22 with a known
crystal length L and parameters from the lasers, we can determine the overall conversion efficiency

of the process 7. Numerical data such as ¢ and Ajy, can be extracted from the FEM-based solver.

Finally, using Equation 7.23, the effective nonlinear susceptibility d.g is calculated and y® =
2d.s 1s the susceptibility coefficient of the TMD-coating. Because the nonlinear second-order
susceptibility is the intrinsic property of the material, it should be the same for all modes. However,
the mode overlap coefficient is not identical for all modes. We found three modes marked as M1-
M3 in Figure 7.17, which have the strongest overlap coefficients and should have the highest the
contribution to SHG. We, therefore, use the overlap coefficient for the (M1) mode at Agy =
680 nm and the known parameters from the experiment for the SH and FW powers to find an
estimation for dg, which being d.¢ = 22 pm/V and is well within the range of literature values

[97, 99, 100, 103, 104, 271, 294]. Using calculated d.; we can get values for y® = 2dq =
@

sheet ™~

44 pm/V and also for the sheet nonlinearity, assuming a thickness of 0.65 nm, then y

2.9 x 1072%m? /V, which is in good agreement with literature values [97, 103, 116, 294].
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Figure 7.18: Second-order nonlinear susceptibility of the monolayer MoS, grown on the ECF for different excitation
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Figure 7.19: Parameters of HOMs SHG at Apy = 1360 nm, excited by FW with x-polarization. All HOMs were
calculated using Comsol v.5.5 with ECF geometry taken from an SEM image but with a 25 nm layer of HfO,
superimposed on the top surface of the ECF. (a) The phase matching coefficient for HOMs vs. their respective effective

mode index n.. The effective mode index of FW is marked with a black dotted line. (b) Mode overlap coefficient

&2 /A, which is an important factor in the nonlinear conversion efficiency. (¢) Mode conversion efficiency n/dZ is

the ratio of conversion efficiency 7 of SHG process normalized to effective nonlinear susceptibility of the material
deg. Modes with large values will contribute most to the SH observed in an experiment. (d-f) z-component of the
Poynting vector of the three modes with the largest mode conversion efficiency. Figure is adapted from [205].

Figure 7.18 displays the calculated y® value for different second harmonic wavelengths.
Analogous to Figure 7.13a, the y® value gets a maximum at Agy = 680 nm, which is expected
due to its highest SH power in resonance with A-exciton. This exhibits the efficiency of the TMD
material and the ECF geometry for nonlinear application, explores its scalability, and compares it
to existing nonlinear waveguides which have been reported. Taking the calculation for Agy =

680 nm, we can determine an experimental conversion efficiency of g, = 0.2 X
1073(m™2w™1).
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By the same process but with the coating of a 25nm layer of HfO> on top of the monolayer MoSa,
we can see the influence of this dielectric coating on the mode overlap coefficient and mode
conversion efficiency. The numerical results are depicted in Figure 7.19. The mode conversion
efficiency increases nearly 100 times after the coating of HfO». It can be explained by the shift of

the mode towards the monolayer TMD, then increasing the mode overlap coefficient.

The above nonlinear parameters can be used to compare the TMD-coated ECF with two major
platforms for nonlinear guided wave, namely LiNbO3; waveguides [293] and poled Germanium-
doped glass [295]. More importantly, we found a way to increase the nonlinear conversion
efficiency 1 by increasing the mode overlap factor and decreasing the effective mode area, as
presented in Figure 7.19. By coating with a high dielectric thin film, for instance, 25 nm HfO», we
can boost the ratio 2 /A from 120 (m) to 50 X 103 (m™), then we could achieve a 1 value in

the range of gy, =~ 0.1 (m~2W™1). All nonlinear benchmarked parameters are given in Table 7.1.

Table 7.1: Nonlinear parameters in this work in comparison with other nonlinear platforms.

. _ . Poled Ge-
TMD-coated | Hypothetical ECF | LiNbO3 waveguide
Parameters Glass (bulk
ECF (25 nm HfO») [293]
only) [295]
Type 1I: 54
2@ (pm/V) 44 44 P 1
Type I: 8.6
62
(m~2) 120 50 x 103 N/A N/A
Aer
n (m2w™) | 02x107 83 x 103 734 x 1073 N/A
L (um) 7 500 8000 N/A
nl?(W™h | 9.8x10715 2.1x 1078 47 x 1073 N/A

7.6 Summary of the results

In summary, we have demonstrated second-harmonic generation from exposed optical fibers
functionalized with MoS; monolayers. The scalable CVD-based deposition process can be applied
to other fiber architectures and 2D materials. It establishes a highly versatile photonic platform to
further investigate the optoelectronic properties of 2D TMDs. While the demonstration was carried
out in a non-optimized system, we believe that an oriented growth of highly nonlinear crystals
together with the further control of phase matching, mode overlap, and field strengths inside the
2D materials, opens great perspectives for enhanced integrated SHG sources, optical signal

processing, or SPDC based photon-pair sources. Additionally, the longer interaction length and
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unusual polarization geometry may also help explore excitonic properties, e.g. related to dark
excitons in MSex-type materials. Moreover, monitoring the tuning of SHG on ECF by stress or

strain may also leverage the applicability of fiber-based sensors and active fiber networks.

From the nonlinear conversion efficiency, we find that the TMD-coated ECFs, which we are using
here, are not yet ready for use as nonlinear devices. However, the nonlinear susceptibility of our
hybrid fiber (44 pm/V) is much larger than that of poled Germanium-doped glass (1 pm/V). From
our understanding, it is the highest-reported value for fiber-based second-order nonlinear optics
until the published date of our paper. Also, the high nonlinear susceptibility of TMDs can
compensate for their trivial mode overlap when compared to other bulk materials such as doped

glass.

For application, LiNbO3 waveguides can be a gold standard for light conversion because their
conversion efficiency nL? can reach 4.7 % per Watt input for a few millimeters in length. Since
TMD is more suitable for the nanophotonic device because it has a minuscule thickness and short
length, we should consider the conversion efficiency per unit length 7 to compare. Assuming the

further coating of 25 nm HfO,, we calculated that the conversion efficiency 1 of TMD-coated ECFs
can be boosted by more than 400-folds and can reach 83 X 10~3m=2W ", which is approaching
the value of LiNbO3 (734 X 10_3m_2W_1) as given in Table 7.1. Furthermore, HfO> can be a

protective layer for as-grown monolayer TMDs, similar to Ga,03 glass, which has been used as an

encapsulation for monolayer WS, while it retains the monolayer quality [296].

We thus believe that TMD-coated ECFs are a practicable platform for nonlinear fiber optics if the
length of the nonlinear crystals can be increased and/or if the mode overlap can be engineered.
Furthermore, there is a 3R phase of TMDs in which SHG is proportional to the thickness, and they
have intrinsic broken symmetry for each layer [277]. Hence such crystals can increase the mode
overlap and nonlinear conversion efficiency if a multilayer of 3R phase can be grown on ECF. For
example, from our calculation, a 10 nm-thick 3R MoS: deposited on ECF will boost the mode
overlap coefficient £2 /A to 17 X 10* (m™2), which is nearly 4 times larger than the case of 25nm
HfO, coating and more than 10° times higher than the case of monolayer TMD. Besides, the fiber
can be designed to get better mode matching and phase matching, then contribute to the
enhancement of nonlinear conversion efficiency. Given that fiber design and TMD growth are
active areas of research, and there are no fundamental limits for the development here, we expect

that TMD-coated ECFs may become a backbone for nonlinear fiber optics in the future.
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In this thesis, different proofs-of-concept from TMD-coated ECFs have been demonstrated, and
many optical properties of monolayer TMDs are discussed. These findings contribute to the
development of nonlinear optics, fiber-based sensing, fiber-based optoelectronics, and quantum
light sources. In this chapter, we shall summarize the results that have been obtained in this thesis
and discuss the ongoing directions of this topic, which can be developed from the given ideas or

results hereinbefore.

First of all, the successful growth of high-quality monolayer TMDs on ECFs has been demonstrated
via reliable techniques, including optical microscope, PL, AFM, and Raman. It confirms that TMDs
can grow conformally on the curved surface of optical fiber and adhere to silica only by a weak
van der Waals force. The high temperature during the fabrication of all-silica ECFs make them
suitable for a CVD process, which requires materials with good heat resistance up to 800 C. By
adjusting the flow rate of precursors as well as the position of ECFs in the reaction zone, the crystal
size and density can be partially controlled. Although the handling of optical fiber in the reaction
zone is not simple, we have found a way to overcome that by fixing the optical fiber on a glass
substrate, also made of fused silica. The controllable manner of optical fiber and growth process

gives us more freedom to make the whole process scalable and can be applied for mass production.

In the family of microstructured optical fibers, ECFs have been chosen to grow atomically thin
semiconductors such as TMDs because of their open access to the fiber core. This exposed region
supports the direct growth of monolayer TMDs on the fiber core, and it also provides a way to
tailor the properties of this hybrid system, for instance, by a dielectric coating. The initial idea of
using ECF was for fluorescence-based sensing in the real-time domain because any photon
emitters, i.e., drop-casting quantum dots on the exposed core, and the target gas can interact
instantly with the photon emitters via open access. The specific design of ECF has triggered the
idea of functionalizing the fiber core with 2D materials. Even though the ECFs used in this thesis
are not designed intentionally for embedding with 2D materials, the obtained results demonstrated
that they are an excellent platform to grow and characterize the fascinating properties of such
crystals. In principle, we can actively design the geometry of optical fibers to support the growth
of larger crystal sizes and to control the mode matching and phase matching effectively with low-

order modes.

In terms of PL and exciton excitation, monolayer TMDs have high quantum yield thanks to the
direct bandgap compared to its bulk counterpart. With TMD-coated ECFs, we can examine the

excitonic nature of monolayers by transmission spectroscopy through the fiber modes. The
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observation of exciton species via the transmission and PL through the functionalized ECFs shows
the potential of this platform to characterize excitons from 2D materials. There is no benefit from
TMD multilayer in this case due to the nature of the indirect bandgap, hence lowering the quantum
yield of PL. Any approach to increasing the PL efficiency is highly desired, for instance, by
patterned growth of TMD [193] to increase the filling factor on optical fibers or by increasing the
mode overlap with as-grown monolayers. In the latter case, we have shown an increase in the power
fraction in the monolayer MoS; (see Figure 5.6b) with the coating of a 25nm-HfO, film. This
encapsulation results in the significant enhancement of light-matter interaction from several times
to tens of times depending on the excitation frequencies. There is no restriction to HfO: in this

approach, and any high refractive index film (Ti02, Ga2Os3 or TaxOs, etc) is also applicable.

Exciton-based sensing has demonstrated its potential to detect toxic gas such as NHj3 in Chapter 5.
From DFT calculation, many other gases such as NO2, NO, SO, and CO can also be detectable by
monitoring the dynamics of exciton in 2D materials. Our functionalized ECF can support the
examination of excitons via transmission spectroscopy, then in principle, can be an alternative to
detect the gases beside PL. The enhancement of light-matter interaction in the previous discussion
will boost the relative sensitivity of our ECF and leverage the applicability of this platform in
remote sensing. In my opinion, ECFs are an ideal platform to grow 2D materials by different
methods, such as liquid precursors or MOCVD, which can boost further the filling factor of one-
atom-thick photoemitters. The scalability of ECF might be helpful for distributed gas sensing over

long distances and in harsh areas where an electronic sensor is unsuitable.

ECFs also support the growth of any phase of TMD, and 3R-MoS» multilayers have shown their
high potential in nonlinear optics due to their natural non-centrosymmetry. Xu et al. have
demonstrated that the nonlinear optical enhancement of such multilayers is four orders of
magnitude stronger than monolayer MoS; and the nonlinear conversion efficiency of SHG is
comparable to LiNbO3 but with a much shorter interaction length [297]. If this multilayer can be
grown on the optical fiber or waveguide by a scalable method, the future of y®-based
nanophotonic devices is within reach. Note that the conversion efficiency is proportional to the
square of the interaction length, then a 100 nm thick multilayer can increase the conversion

efficiency theoretically by four orders of magnitude if the phase matching is maintained.

Thanks to the intermodal phase matching, our ECF with the nature of multimode supports the phase
match between FMs at FWs and HOMs at TH frequencies. The fiber itself also has a significant
x® value which can emit TH, and this can be observed by the naked eye. The growth of highly

nonlinear monolayer TMDs indeed enhances the THG process and has been demonstrated in
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Chapter 6. Since THG is independent of the symmetry of the crystals, odd-numbered layers can
generate TH, therefore, a thick multilayer might give stronger THG than an ultrathin monolayer
due to more light-matter interaction [99]. Furthermore, the coatings of a dielectric thin film, for
example, 25 nm HfO», may further increase the nonlinear y coefficient of the monolayer MoS: ten
times at 1550 nm. This enhancement is ascribed to the increase in mode overlap and light-matter

interaction.

To sum up, this thesis contributed to the field of photonics and material science by introducing a
hybrid platform having a large potential for applications. The combination of nano semiconductors
and microstructured optical fiber has brought the best of each constituent together. The findings in
this thesis can apply to numerous types of waveguides and 2D materials; thus, the potential of this
hybrid platform is not limited to what has been shown here. The special architecture of ECF allows
us to drop cast any SPEs, such as hBN, to make a new single-photon source. Besides, the defects
in as-grown TMD crystals might be interesting to enable a single quantum source based on ECF.
This fiber also can be used to investigate the dark excitons in TMDs by the excitation of the out-
of-plane electric field. With the success of turning ECF into an efficient nonlinear medium; other

nonlinear phenomena, for instance, SPDC or SCG [298, 299], might be studied shortly.
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In dieser Arbeit wurden verschiedene Proofs-of-Concept von TMD-beschichteten ECF
demonstriert, und viele optische Eigenschaften von Monolayer-TMDs wurden diskutiert. Diese
Erkenntnisse tragen zur Entwicklung von nichtlinearer Optik, faserbasierter Sensorik,
faserbasierter Optoelektronik und Quantenlichtquellen bei. In diesem Kapitel fassen wir die in
dieser Arbeit erzielten Ergebnisse zusammen und erdrtern die weiteren Richtungen dieses Themas,

die sich aus den hier dargelegten Ideen und Ergebnissen entwickeln lassen.

Zunachst wurde das erfolgreiche Wachstum von qualitativ hochwertigen einlagigen TMDs auf
ECFs mit zuverldssigen Techniken, einschlieBlich Lichtmikroskop, PL, AFM und Raman,
nachgewiesen. Es bestitigt, dass TMDs konform auf der gekriimmten Oberfldche der optischen
Faser wachsen konnen und nur durch eine schwache Van-der-Waals-Kraft an Siliziumdioxid
haften. Aufgrund der hohen Temperatur bei der Herstellung von ECFs aus reinem Siliziumdioxid
eignen sie sich fiir ein CVD-Verfahren, das Materialien mit einer guten Hitzebesténdigkeit bis 800
°C erfordert. Durch Anpassung der Durchflussrate der Rohmaterialien sowie der Position der ECFs
in der Reaktionszone konnen die KristallgroBe und -dichte teilweise gesteuert werden. Obwohl die
Handhabung der optischen Faser in der Reaktionszone anspruchsvoll ist, haben wir einen Weg
gefunden, dies zu liberwinden, indem wir die optische Faser auf einem Glassubstrat, ebenfalls aus
Quarzglas, befestigen. Die kontrollierbare Art der optischen Faser und des Wachstumsprozesses
gibt uns mehr Freiheit, den gesamten Prozess skalierbar zu machen und fiir die Massenproduktion

ZUu hutzen.

In der Familie der mikrostrukturierten optischen Fasern wurden ECFs ausgewidhlt, um atomar
diinne Halbleiter wie TMDs wachsen zu lassen, weil sie einen offenen Zugang zum Faserkern
haben. Dieser freiliegende Bereich unterstiitzt das direkt Wachstum von Monolayer-TMDs auf dem
Faserkern und bietet aulerdem die Moglichkeit, die Eigenschaften dieses Hybridsystems
anzupassen, z. B. durch eine dielektrische Beschichtung. Die urspriingliche Idee, die ECF zu
verwenden war die fluoreszenzbasierte Sensorik im Echtzeitbereich, da beliebige Photonenemitter,
d. h. Drop-Casting-Quantenpunkte auf dem exponierten Kern, und das Zielgas iiber einen offenen
Zugang sofort mit den Photonenemittern interagieren konnen. Das spezifische Design der ECF war
Grunlage fiir die Idee der Funktionalisierung des Faserkerns mit 2D-Materialien. Obwohl die in
dieser Arbeit verwendeten ECFs nicht absichtlich fiir die Einbettung von 2D-Materialien entworfen
wurden, haben die erzielten Ergebnisse gezeigt, dass sie eine geeignet Plattform fiir die Ziichtung
und Charakterisierung der faszinierenden Eigenschaften solcher Kristalle sind. Im Prinzip kénnen

wir die Geometrie der optischen Fasern aktiv gestalten, um das Wachstum groBerer Kristallgro3en
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zu unterstiitzen und die Modenanpassung und Phasenanpassung mit Moden niedriger Ordnung

effektiv zu steuern.

In Bezug auf PL und Exzitonenanregung haben Monolage-TMDs dank der direkten Bandliicke
eine hohe Quantenausbeute im Vergleich zu ihrem Volumenkristall-Gegenstiick. Mit TMD-
beschichteten ECF konnen wir die exzitonische Natur von Monoschichten durch
Transmissionsspektroskopie durch die Fasermoden untersuchen. Die Beobachtung von
verschiedener Arten von Exzitonen mittels Transmission und PL durch die funktionalisierten ECFs
zeigt das Potenzial dieser Plattform zur Charakterisierung von Exzitonen aus 2D-Materialien.
TMD-Multischichten sind in diesem Fall aufgrund der indirekten Bandliicke nicht von Vorteil,
wodach die Quantenausbeute der PL sinkt. Es ist moglich die Effizienz der PL z. B. durch
strukturiertes Wachstum von TMD [193] zur Erh6hung des Fiillfaktors auf optischen Fasern oder
durch Erh6hung der Modeniiberlappung mit gewachsenen Monoschichten zu steigern. Im letzteren
Fall haben wir einen Anstieg des Leistungsanteils in der Monolage MoS2 (siche Abbildung 5.6b)
mit der Beschichtung eines 25nm-HfO2-Films gezeigt. Dies fithrt zu einer signifikanten
Verbesserung der Licht-Materie-Wechselwirkung, die sich je nach Anregungsfrequenz um das
Mehrfache bis Zehnfache erhoht. Bei diesem Ansatz gibt es keine Beschrankung auf HfO,, und

jede Schicht mit hohem Brechungsindex (TiO2, Ga;O3 oder Ta>Os usw.) ist ebenfalls anwendbar.

Die auf Exzitonen basierende Sensorik hat in Kapitel 5 ihr Potenzial zum Nachweis toxischer
Gasen wie NH3 unter Beweis gestellt. Aus DFT-Berechnungen geht hervor, dass auch viele andere
Gase wie NO,, NO, SO, und CO durch Uberwachung der Exzitonendynamik in 2D-Materialien
nachgewiesen werden konnen. Unser funktionalisiertes ECF kann die Untersuchung von Exzitonen
durch Transmissionsspektroskopie unterstiitzen und kann somit eine Alternative zum Nachweis
von Gasen neben PL sein. Die Verbesserung der Licht-Materie-Wechselwirkung in der
vorangegangenen Diskussion wird die relative Empfindlichkeit unserer ECF erhéhen und die
Anwendbarkeit dieser Plattform in der Fernerkundung vorantreiben. ECFs sind demzufolge eine
ideale Plattform, um 2D-Materialien mit verschiedenen Methoden zu ziichten, z. B. mit fliissigen
Precursor oder MOCVD, was den Fiillfaktor von ein Atom dicken Photoemittern weiter erhdhen
kann. Die Skalierbarkeit von ECF konnte fiir die verteilte Gassensorik {iber grofle Entfernungen

und in harsche Umgebung, in denen ein elektronischer Sensor ungeeignet ist ermdglichen.

ECFs unterstiitzen auch das Wachstum jeder TMD-Phase, und 3R-MoS>-Multischichten haben
aufgrund ihrer natiirlichen Nicht-Zentrosymmetrie ihr gro3es Potenzial fiir die nichtlineare Optik
gezeigt. Xu et al. haben gezeigt, dass die nichtlineare optische Verstarkung solcher Multischichten
um vier GrofBenordnungen stirker ist als die von MoS>-Monoschichten und dass die nichtlineare
Umwandlungseffizienz von SHG mit der von LiNbO; vergleichbar ist, allerdings mit einer viel

96



9. Zusammenfassung

kiirzeren Wechselwirkungslidnge [297]. Wenn diese Multischicht mit einer skalierbaren Methode
auf einer optischen Faser oder einem Wellenleiter geziichtet werden kann, ist die Zukunft von
nanophotonischen Geriten auf y?-Basis in Reichweite. Da die Umwandlungseffizienz
proportional zum Quadrat der Wechselwirkungsldnge ist, kann eine 100 nm dicke Multischicht die
Umwandlungseffizienz theoretisch um vier Gro8enordnungen erh6hen, wenn die Phasenanpassung

beibehalten wird.

Dank der intermodalen Phasenanpassung unterstiitzt unsere ECF mit ihrer Multimode-Eigenschaft
die Phasenanpassung zwischen FMs bei FWs und HOMs bei TH-Frequenzen. Die Faser selbst hat
auch einen signifikanten ¥ Wert, der TH emittieren kann, was mit bloBem Auge beobachtet
werden kann. Das Wachstum hochgradig nichtlinearer TMD-Monoschichten verstarkt tatsdchlich
den THG-Prozess und wurde in Kapitel 6 nachgewiesen. Da THG unabhéngig von der Symmetrie
der Kristalle ist, konnen auch ungerade Schichten TH erzeugen, so dass eine dicke Multischicht
aufgrund der stirkeren Licht-Materie-Wechselwirkung zu stirkerem THG fiihren kann als eine
ultradiinne Monoschicht [99]. Dariiber hinaus kann die Beschichtung mit einer dielektrischen
Diinnschicht, z. B. 25 nm HfO», den nichtlinearen y-Koeffizienten der Monolage MoS: bei 1550
nm um das Zehnfache erhohen. Diese Verbesserung wird auf die Zunahme der Modentiberlappung

und der Licht-Materie-Wechselwirkung zurtickgefiihrt.

Zusammenfassend ldsst sich sagen, dass diese Arbeit einen Beitrag zum Gebiet der Photonik und
der Materialwissenschaften geleistet hat, indem sie eine hybride Plattform vorstellte, die ein grof3es
Anwendungspotenzial hat. Die Kombination von Nanohalbleitern und mikrostrukturierten
optischen Fasern hat das Beste von jedem Bestandteil zusammengebracht. Die in dieser Arbeit
gewonnenen Erkenntnisse lassen sich auf zahlreiche Arten von Wellenleitern und 2D-Materialien
anwenden; das Potenzial dieser hybriden Plattform ist also nicht auf das hier Gezeigte beschrankt.
Die besondere Architektur der ECF ermdoglicht es uns, beliebige SPEs, wie z. B. hBN, zu drop
casten, um eine neue Einzelphotonenquelle herzustellen. Auferdem konnten die Defekte in
gewachsenen TMD-Kristallen interessant sein, um eine Einzelquantenquelle auf der Basis der ECF
zu ermdglichen. Diese Faser kann auch verwendet werden, um die dunklen Exzitonen in TMDs
durch die Anregung des elektrischen Feldes aullerhalb der Ebene zu untersuchen. Wenn es gelingt,
ECF in ein effizientes nichtlineares Medium zu verwandeln, kénnten in Kiirze auch andere

nichtlineare Phinomene untersucht werden, z. B. SPDC oder SCG [298, 299].
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Appendix C: Additional numerical calculation of ECF

In this appendix, I describe the usage of mode analysis in COMSOL to find the mode profiles and
mode overlap of the optical fibers with different structure configurations. The use of COMSOL for
finding modes of an ECF is similar to a waveguide, and its description can be found in its user
guide [300]. First, we want to investigate the impact of the fiber core diameter on the mode overlap
with monolayer TMD deposited on top of the core. Using a simple model, we calculated the
evanescent field in the exposed region for different wavelengths and numerous core diameters. A
scattering boundary with a diameter of 9 um was applied, meanwhile, a monolayer MoS: (0.65
nm) was included in the model. The fundamental modes are well confined inside the boundary, and
hence, we do not need to extend further the calculated area. Figure C1 displays the fundamental
mode with the x-polarization for different core diameters at 532 nm. These models have been used
to calculate the relative sensitivity plotted in Figure 5.6 in Chapter 5. The calculated Poynting
vector z-component at the excitation wavelength of 532 nm is given in Table C1. It is noticeable
that the smaller cores have less mode confinement than the larger ones, hence the power fraction
in the three air holes and the exposed area increases when the core diameter decreases. Remarkably,
the power fraction in the monolayer grows significantly when the core is getting smaller, thus, the

enhancement of light-matter interaction is also improved just by changing the fiber core.

Figure C1: Electric field distribution of fundamental mode inside the fiber with various core diameter at A, = 532 nm.
(a) 0.8um. (b) 1.0um. (¢) 1.2pm. (d) 1.4pm. (e) 1.6pum. (f) 1.8um. (g) 2.0um.
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Table C1: Calculated Poynting vector z-component for x-polarized fundamental mode of the ECFs at A, = 532 nm
in the relation to core diameter.

Region of the | d=0.8 d=1.0 d=1.2 d=14 [d=1.6 | d=18 | d=2.0

ECF pm pm pm pm pm pm pm
Three air 2.08 1.14 0.70 0.46 0.29 0.23 0.17
regions (%)
Exposed 1.109 0.626 0.383 0.247 0.157 | 0.123 | 0.091
region only
(%)
Monolayer 0.0175 0.0099 0.0061 0.0040 | 0.0026 | 0.0020 | 0.0015
(o)

Using the same settings but with a real SEM fiber geometry, we can calculate precisely the mode
properties from the bare ECF, MoS;-coated ECF, and MoS»-coated ECF with HfO, coating. The
FMs at A, = 1360 nm for three different structures are depicted in Figure C2. The simulation data
reveal that there is no change in the profile of the fundamental modes, as displayed in Figure C2b-

C.

(a)

(b) (c)

Figure C2: Electric field distribution of fundamental mode inside the fiber with different coatings at A, = 1360 nm.
(a) without HfO,. (b) 25 nm HfO; on MoS;. (¢) 25 nm HfO; under MoS..

The coating of HfO> can boost up the light-matter interaction with TMDs, no matter if HfO> is
sandwiched between silica core and monolayer TMD, or TMD is sandwiched between silica core
and HfO,. Table C2 reveals the calculated Poynting vector z-component for the x-polarized FM at
1360 nm. The deposition of a high refractive index layer on the exposed side will drag the mode
shifted upward and increase the overlap with the monolayer. Monolayer TMD has a negligible
influence on the mode profiles because of its atomically thin thickness (0.65 nm) compared to the
25nm thickness of HfO,. This finding will make the TMD functionalized ECF more suitable for
both linear and nonlinear optics and gas sensing. In the case of gas sensing, HfO: or any other thin
film can be coated along the fiber core to modify the guided modes, and TMD or 2D materials can

be deposited on top of them to contact directly with the gases. Then, the principle of gas sensing is
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unchanged, except with the higher PL efficiency from TMD monolayers because of more light
energy overlapping with the monolayers. For the case of nonlinear optics, the coating of HfO» or
another thin film on top of TMD or 2D materials can protect them from the influence of the

environment and enhance the light-matter interaction.

Table C2: Calculated Poynting vector z-component for x-polarized fundamental mode of the ECFs at A; = 1360 nm.

Cross-Sectional MoS: coated | 25nm HfO:20n | 25nm HfO:
Bare ECF
part of the ECF ECF top of MoS: under MoS:
Three air regions 2.355 2431 5.731 5.700
(%)
Exposed region 1.084 1.175 4.970 3.945
only (%)
Monolayer (%) N/A 0.007 0.028 0.024
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Appendix D: Fabrication process of ECFs

The all-silica ECF was manufactured using a silica rod of 12 mm in diameter and a 6 m-tall drawing
tower. Figure D1 displays the fabrication process of ECFs. First, a 120 mm-long preform made of
F300 fused silica from Heraeus Quarzglass was drilled by an ultrasonic mill to make three holes,
then an opening along the whole length of the preform was created to make the exposed side. The
contaminants were removed by nitric acid and acetone overnight, and the preform was dried with
nitrogen. The preform was caned and inserted into a jacket tube before the drawing process. During
the drawing process, the glass and air holes were heated to the glass transition temperature in a

furnace at a typical temperature range of 1900 °C — 2000 °C, then drawn into an ECF.

COICYCHCNS

Figure D1: Fabrication process of ECFs. (a) Three holes are drilled by an ultrasonic mill on the preform. (b) An
opening is cut along the length of preform. (c-d) The preform is caned and inserted into a jacket tube. (e) The initial
preform is drawn to ECF. Figure is adapted from [144].

Figure D2: ECF after the drawing process. (a) An ECF with a core diameter of 2.35 pm. (b) Core diameter of 1.65
pm. The scale bar shows 3 pm in the insets. Figure is adapted from [144].

The ECF has an analogous geometry to the preform, except for the smaller size and the much longer
length. The fabricated ECF has an outer diameter of 175 pm and an effective core diameter of 2
pum. Thanks to the chemically inert and temperature-stable process, silica ECF has minimal internal
stress during heating and cooling. It can work well with both the temperature and the atmospheric
condition of the CVD process. The cross-section and geometry of our ECFs are shown in Figure

D2. By varying the outer diameter of the fiber and the gap between the holes set to be 0.4 mm, the
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ECFs with different core diameters were fabricated, as depicted in Figure D2. The core diameters
are 2.35 um and 1.65 pum, respectively. The low loss from an ECF with a core of 2 pm was

confirmed in Figure D3, which is less than 1dB/m for the wide range from Visible to NIR.
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Figure D3: Loss measurement of an ECF with a core diameter of 2 um. The red line shows loss result and the blue
line shows the error for each wavelength. Figure is adapted from [144].
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Appendix E: CVD-based growth of TMDs on ECFs

Different TMD crystals have been grown on the ECFs during this research, for instance, MoSo,
WS,, WSe», and MoSe». The procedure to grow monolayer TMDs on the ECFs is analogous to the
method that has been used for planar substrates. Thanks to the all-silica ECF, there is no obstacle
to the high temperature from the CVD reactor. Here, we utilized a modified CVD process where
the sulfur precursor is delivered by a Knudsen-type effusion cell. The transition metal precursor of
TMD comes from the metal oxide powder MoOs or WO3. The chalcogen precursors are created
from sulfur or selenium powders. For each type of TMD, two precursors were put in two different
zones, which were heated independently. The illustration of a modified CVD process is shown in
Figure 2.11. The sulfur powder was put in a reusable quartz container (Knudsen cell) and was
heated to 200 "C. The sulfur precursors were delivered to the reaction zone at a controllable

evaporation rate. MoO3 powder was sprinkled on a small Si0,/Si wafer and placed in the second

zone, where the temperature was 770 "C, and kept at that temperature for 20 minutes.

Figure E1: Microscopic images of MoS: crystals. (a) A section of ECF with low density of single crystal. (b) A
section of the same ECF with a high density of single crystal. (¢) High-density growth of MoS, monolayers on the
Si0; substrate.

The ECFs have been fixed on a glass substrate with an upward orientation of the exposed surface.
In this way, the chance to grow TMDs on the exposed core is better because the gas can flow along
the trench of the ECF. As a consequence, TMD crystals grew freely along the trench as well as on
all surfaces of the ECFs. For those crystals located on the exposed side of the core, they can interact
with the guided modes and generate the PL and nonlinear response. Depending on the specific
growth conditions, we achieved both monolayer and multilayer TMDs on the ECFs. Figure E1
displays the microscopic images of MoS: crystals grown on ECFs. The low density of the
monolayer can be seen in Figure Ela, whereas Figure E1b is the region where the monolayers are

grown the most. Figure Elc displays the densely coated monolayer MoS> on the SiO> substrate.

In addition to the crystal density, by changing the growth parameters, we can obtain a bigger crystal

size but with a separate distance between each monolayer MoS,. This batch of fiber has been used
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in a thermal ablation process to create isolated crystals on the fiber core and is displayed in Figure
E2. As discussed hereinbefore, ECFs can be applied to all 2D materials. Figure E3 displays MoSe»
monolayers grown on the fiber. The fiber was coupled with a CW-laser which has a central
wavelength of 532 nm. Several peaks around 600 nm are distributed to the Raman emission from
the bare ECF. The PL from MoSe> monolayers through the fiber has a central peak at 786 nm with
an FWHM of 33 nm. Figure E4 shows WSe> monolayers grown on the fiber. The grown crystals
have different sizes and shapes. The fiber was scanned with a pulsed laser which has a central
wavelength of 530 nm. The PL from WSe, monolayers on the core region has a central peak at 743

nm with an FWHM of 55 nm.

Figure E2: Microscopic images of MoS: crystals. (a-c) Three different sections of an ECF grown with MoS»
monolayers with a large crystal size.
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Figure E3: Microscopic images of MoSe: crystals. (a) An entire section of a MoSe;-coated ECF under the
microscope. (b) The zoom-in region to show clearly the monolayers on ECF. (¢) In-fiber PL spectrum recorded by the
excitation of a 532nm-CW laser.
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Figure E4: Microscopic images of WSe2 crystals. (a) An entire section of a WSe;-coated ECF under the microscope.

(b) The zoom-in region to show clearly the monolayers on ECF. (¢) PL spectrum recorded by the excitation of a

530nm-pulsed laser from WSe; monolayer on the fiber core.
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Appendix F: Abbreviations

2D Two-dimensional MoSe; Molybdenum diselenide
3D Three dimensional OPO Optical parametric oscillator
AC Armchair PM Phase matching
AFM Atomic force microscopy PL Photoluminescence
CCD Charge coupled device SCG Supercontinuum generation
CVD Chemical vapor deposition SEM Scanning electron microscope
CwW Continuous wave SH Second harmonic
DFT Density functional theory SHG Second-harmonic generation
ECF Exposed-core fiber SPDC Spontaneous parametric down conversion
FCF Fluorescence capture fraction SPE Single photon emitter
FM Fundamental mode SPM Self-phase modulation
FW Fundamental wave TH Third harmonic
hBN Hexagonal Boron Nitride THG Third-harmonic generation
HOM High-order modes THz Terahertz
LiNbO3;  Lithium niobate TMD Transition-metal dichalcogenide
NIR Near infrared uv Utraviolet
MOCVD Metal organic chemical vapor VIS Visible

deposition WS, Tungsten disulfide
MoOs3 Molybdenum trioxide WSe, Tungsten diselenide
MoS: Molybdenum disulfide 77 Zigzag
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Appendix G: Symbols

Symbol Meaning/Description

Ey,  Binding energy of the electron-hole pair
E, Effective Rydberg constant
E¢ Bandgap energy of the material
Uex Reduced effective mass of the electron-hole system
mg Effective mass of the electron
my Effective mass of the hole
h Reduced Planck constant
e Elementary charge
n Principal quantum number

pgz) Nonlinear polarization field in SHG process along i*" Cartesian direction of the incident
field

Xi(jziz Second-order nonlinear susceptibility in i" Cartesian direction with the interplay of the
electric fields in j* and k" Cartesian directions

p§3) Nonlinear polarization field in THG process along i*" Cartesian direction of the incident
field

Xi(j3131 Third-order nonlinear susceptibility in i*" Cartesian direction with the interplay of the
electric fields in j¢", k" and I*" Cartesian directions

Ey,, x,,zcomponentof the electric field

W The angular frequency

& Vacuum permittivity

Ak Momentum mismatch

k; Wavenumber at it" frequency
ko Wavenumber in free space

& Relative permittivity

n; Refractive index at it" frequency
L Length of nonlinear medium

y(TG)  Spatial overlap between the fundamental mode at fundamental wave and high-order mode
at third harmonic wave

n, Nonlinear refractive index of the nonlinear medium

desr  Effective nonlinear susceptibility
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Light speed in vacuum

Vacuum wavelength

Radius of fiber core

Refractive index of the fiber core

Refractive index of the cladding

Numerical aperture

Fiber parameter

Transmitted light intensity at the output of 2D-coated fiber
Transmitted light intensity at the output of bare fiber
Transmission of 2D-coated fiber

Adsorption energy

Charge density

Absorption coefficient of the measured gas

Gas concentration

Relative sensitivity coefficient

Complex conjugate of x, y, z component of the magnetic field
Effective refractive index of the guided mode
Refractive index of the gas

Vacuum permeability

Fraction of fluorescence that is excited by mode j
Normalized field-matter overlap integral

Effective mode area

z-component of the Poynting vector of the j* mode
The fluorophore efficiency

The refractive index in the exposed region at the fluorescence wavelength

The attenuation coefficient
Angular frequency at i*" resonance of silica

Strength of i*" resonance
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A Vacuum wavelength at i** resonance

B Mode propagation of a pulse at angular frequency w

B, Group velocity dispersion of fiber at angular frequency wq

S, z-component of time-averaged Poynting vector
IélHG Second harmonic intensity from TMD crystal with the fundamental harmonic and second

harmonic polarized parallel to each other

Ishe  Second harmonic intensity from TMD crystal with the fundamental harmonic and second
harmonic polarized perpendicular to each other

0 Angle between the incident laser polarization and x-direction of the experimental
coordinate system

Q Angle between the armchair direction of the crystal and x-direction

Iy Maximum SHG intensity

a Angle between crystal plane and x-direction
B Angle between the armchair direction and the x-direction projected to crystal plane
Njk Conversion efficiency of the k" fundamental wave into the j* second harmonic mode

Ppwyx  Average power of propagating fundamental wave in the k** mode

Psyjk  Average SH power generated in the j*" mode of the fiber and excited by k** mode of
fundamental harmonic

ik Phase mismatch of the k" fundamental mode and the j* second harmonic mode

f Repetition rate of pulsed laser

T Full-width at half-maximum of the pulse duration

Sk Field overlap between the k" fundamental mode and the j* second harmonic mode

Ajy Effective mode area formed by the k" fundamental mode and the j* second harmonic
mode
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durchgefiihrt und die Impulscharakterisierung von Toptica FemtoFiber pro IRS-II wurde von
Nils Geib durchgefiihrt.
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Beratungsdiensten (Promotionsberater oder andere Personen) in Anspruch genommen. Niemand
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