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Abstract

Ultrafast optics technology involves the development and application of femtosecond

optical pulses. The work presented in this thesis consists of two research objectives

which exploit these aspects of ultrafast optics technology.

In Part I of this work, we implement a method for probing the excitonic response

of 2D MoS2. Excitonic properties of samples are investigated through photolumines-

cence (PL) mapping, which we demonstrate as a valuable characterization method.

PL mapping is used to determine the number of layers present in samples of 2D

MoS2. Monolayer MoS2 exhibits a PL peak intensity ∼ 5 times that of bi-layer,

with a blue-shift of 18 ± 3 meV. We demonstrate the influence of MoS2 sample

growth and preparation mechanisms on its excitonic response. The Exciton A peak

of mechanically-exfoliated MoS2 (at 1.8958± 0.0006 eV, with FWHM 46± 2 meV) is

narrower and blue-shifted compared to that of a sample grown via chemical vapour

deposition (at 1.845±0.005 eV, with FWHM 110±5 meV). We also observe evidence

of an increase in total PL intensity for regions of localized rips and tears in exfoliated

samples, and a decrease in trion activity for samples isolated via hBN-encapsulation.

Finally, we present initial measurements of ultrafast exciton lifetimes in monolayer
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MoS2 (0.99 ± 0.18 ps and 14.78 ± 1.94 ps) via femtosecond excitation correlation

(FEC) spectroscopy.

In Part II of this work, we demonstrate the “carving out” of polarization-switched ul-

trafast optical pulses (424 fs in duration) from a continuous beam of light, through the

optical Kerr effect. In addition to establishing this as a reliable technique for mea-

suring intrinsic switching speed, we demonstrate the configurability of our switch.

Our switch is capable of generating ultrashort pulses (with tunability in spectral

bandwidth of 1.6–2.9 nm) and switched 2- and 4-pulse trains (with 2.2 ps tempo-

ral separation). Our all-optical switch holds potential in a number of technologies,

particularly in optical communication and as a new ultrafast light source.
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Chapter 1

Introduction

Ultrafast optics technologies are widespread. The application space for ultrashort

pulses is now extremely broad; including, though not limited to, high-field laser inter-

actions, ultrafast time-resolved spectroscopy, high precision metrology, machining and

processing of materials, nonlinear microscopy, and optical communications [1]. My

work consists of two research objectives, which both exploit ultrafast optical pulses.

My first research objective, described in Part I, centred around a collaborative effort

with Kurt Tyson. Together, we built the foundation for a new research direction

at Queen’s University, based on the overarching goals of the CFI Nanophotonics

Research Centre. I pursued my second research objective, described in Part II, while

on internship at the National Research Council (NRC) of Canada. This opportunity

was made possible by the Queen’s CREATE-MAPS program. Although my two

research projects are complementary in the skills and tools they employ, they are

contrasting in their purposes.
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Part I of this thesis exploits ultrafast optical pulses to study the excitonic proper-

ties of a 2D semiconductor which holds potential for quantum optomechanical and

integrated on-chip photonic devices. Part II of this thesis “switches” gears from a

fundamental study of material properties to an application of material properties,

both using ultrafast photonics. We demonstrate an all-optical light switch, which can

be used to modulate, gate, or re-route optical signals on ultrafast timescales.

1.1 Excitonic Properties of 2D Materials: Motiva-

tion and Overview

Since the realization of graphene [2,3], research in the field of 2D materials has grown

rapidly. 2D material systems provide a fascinating platform to study and exploit

quantum confinement. In particular, 2D transition metal dichalcogenides (TMDs)

have emerged as interesting systems to study—owing largely to striking contrast

between their properties in bulk form and when confined to two dimensions. One

example of this is the shift from indirect to direct bandgap with decreasing number

of layers observed in certain 2D TMDs, such as molybdenum disulphide (MoS2) [4].

This shift to direct bandgap gives rise to the emergence of photoluminescence (PL) in

2D TMDs. For this reason, few- and single-layer TMDs have proven useful for a wide

range of low-cost optoelectronic applications, including light-emitting diodes (LEDs),

photoreceivers, and recently, lasers [4]. Beyond these applications, 2D TMDs hold

promise for integrated on-chip photonics. They can be easily integrated with silicon,

making them excellent candidates for on-chip nanoscale light emitters or receivers.
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Of particular interest to the Queen’s CFI Nanophotonics Research Centre, 2D ma-

terials are promising candidates for quantum optomechanical devices. In addition

to their useful electronic properties when confined to two dimensions, 2D materials

are both light and flexible. These physical properties provide the possibility of laser-

induced mechanical motion in 2D materials; momentum from the photons in a beam

of laser light can be imparted onto a 2D material membrane to generate motion.

2D TMDs evidently hold a great deal of promise in a number of important applica-

tions. For this reason, photoexcitation in 2D TMDs has been studied extensively;

yet measurements of this excitonic response vary [4–7], and it thus remains poorly

understood. Excitonic dynamics in monolayer TMDs have previously been examined

in a number of studies [8, 9] to improve understanding of their photoexcitation. De-

spite these progressions, the lifetimes of photoexcited carriers and the mechanisms

that drive recombination in 2D TMDs also remain poorly understood. This is widely

attributed to the fact that monolayer TMDs, despite efforts to improve preparation

methods, are still prone to environmental and defect influence over their relaxation

pathways. For this reason, measurements of carrier lifetimes in 2D TMDs have been

highly variable to-date.

To address these shortcomings, our work investigates the environmental influence, and

the presence of defects, on the excitonic response in 2D materials. In collaboration

with the Rob Knobel research group at Queen’s University, we employ a method of

fabricating reproducibly high-quality samples of a specific 2D semiconductor, mono-

layer MoS2, to probe its excitonic response. Excitonic properties of 2D MoS2 are

investigated via PL mapping, which we demonstrate as a valuable characterization
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technique. We further explore the excitonic properties in 2D MoS2, by exploiting

ultrafast optical pulses to probe their carrier lifetimes. We demonstrate the use of a

femtosecond excitation correlation (FEC) spectroscopy technique to measure lifetimes

of excitons in 2D MoS2. Initial measurements are presented, and lay the foundation

for future ultrafast studies of exciton dynamics in 2D material systems.

1.2 All-Optical Switching in Fiber: Motivation and

Overview

Switches are an integral component of modern-day networking which allow for the

routing and manipulation of both electronic and optical bits of information. The

ability to quickly switch, gate, or re-route optical signals is a crucial capability in

a number of modern classical applications that span a variety of fields—notably,

communications [10], biomedical imaging [11], microscopy, [12], and spectroscopy

[13]—and in quantum information [14].

Many electro-optical approaches currently exist for the switching of optical signals

such as electro-optic modulators (EOMs) or micro-electromechanical (MEMs) systems

[15], which have also been demonstrated as switches for qubits. However, the speed

and repetition rate of these electro-optical approaches are no longer sufficient for many

applications. These devices can also introduce loss that is unacceptable by quantum

communication standards [16]. In comparison, all-optical approaches are capable of

superior performance [17–19], and will be relied upon by many future technologies.



CHAPTER 1. INTRODUCTION 5

Rather than electronically modulating an optical signal, the all-optical approach ex-

ploits a secondary light source to induce the desired switching mechanism. This is

interesting in itself, because photons are generally not thought of as being capable of

interacting with other photons. Of course, there is no direct interaction between pho-

tons in this process; the interaction is mediated by an induced change in the material

properties of the medium being used for light modulation.

All-optical switching has been achieved through a number of techniques, including

silicon-based ring resonators [20], and nonlinear optical loop mirrors (NOLMs) [16].

In the NOLM all-optical switch, the optical Kerr effect is used to induce a nonlinear

phase shift that affects the interference of two propagating beams at a fiber output

coupler. Our work also exploits the same intensity dependence of the optical Kerr

effect in fiber. However, our all-optical switch exploits this effect to rotate the po-

larization of a secondary signal beam. Additionally, we are not as limited by the

configuration of the fiber being used. This allows us to induce polarization-switching

in a piece of silica single mode fiber (SMF), where the only restriction on the fiber is

its length.

With access to ultrashort laser pulses, a switch based on the optical Kerr effect can

operate on sub-picosecond timescales. Picosecond-level switching windows have been

previously demonstrated for single-photon polarization switching [21]. The work pre-

sented here pushes this capability further, demonstrating switching on timescales of

hundreds of femtoseconds. With previous demonstrations that exploit the optical

Kerr effect for all-optical polarization switching [21, 22], there emerges a require-

ment for reliable characterization of intrinsic switching capabilities for a given Kerr
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medium. One key characterization metric is the intrinsic switching speed, for which

we demonstrate a simple, yet effective, measurement technique. We use a high-

intensity ultrafast pulse to induce the switching mechanism in a Kerr medium, which

then rotates the polarization of light from a continuous wave (CW) beam, only when

it overlaps with the high-intensity pulse.

The localized temporal nature of the switching mechanism, over only the duration of

the high-intensity pulse, generates pulses of polarization-rotated light from the CW

beam. We measure the spectral profile of these switched pulses. As our switch carves

out ultrashort pulses of polarization-rotated light from the CW beam, we can expect

to observe expansion in the bandwidth of the switched light in comparison to the input

CW signal beam. Therefore, we measure the spectral profile of the switching response

and compare it to the fast Fourier transform (FFT) of our theoretical temporal model

for verification, and to extract intrinsic switching speed.

In addition to demonstrating a reliable technique for the measurement of intrinsic

switching speed, we use our method to show the dependence of the switching response

on pump pulse modulation. In doing so, we demonstrate the system’s ability to

modulate optical signals on ultrafast timescales—a promising capability for a number

of technologies, particularly optical communication and on-chip photonics.

1.3 Thesis Organization

Although my two research projects are complementary in the skills and tools they

utilize, they each have their own unique objectives and outcomes. For this reason, my
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thesis is organized into two parts. Part I describes work I did at Queen’s University:

probing the excitonic properties of 2D materials. Part II includes work I did while

on internship with the NRC: demonstrating all-optical switching in fiber.

Organization of Part I: Excitonic Properties of 2D Materials

Chapter 2 provides the context of our work with 2D materials. The discovery of 2D

materials is presented, along with their preparation, identification, and characteriza-

tion methods. Physical, optical, and excitonic properties of MoS2 are also described,

along with methods of probing excitonic properties and dynamics.

Sample preparation methods employed in this work are described in Chapter 3. Initial

identification and characterization of the samples in this work are also included in

this chapter.

Chapter 4 reports on the use of photoluminescence (PL) mapping to probe the exci-

tonic transitions in 2D MoS2. The experimental system employed for PL mapping is

described, along with our data collection and processing protocol. This chapter re-

ports on findings that demonstrate PL mapping as a useful method in characterizing

2D materials.

Additions to the system used in Chapter 4 are presented in Chapter 5 for the mea-

surement of ultrafast exciton lifetimes in monolayer MoS2. Initial measurements of

exciton lifetimes in monolayer MoS2 are presented, illustrating our current capabilities

and paving the way for future experiments.
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Chapter 6 concludes Part I of this thesis by summarizing the work presented and

outlining its importance. Possible applications of 2D MoS2 and avenues for future

work are presented and discussed.

Organization of Part II: All-Optical Switching in Fiber

Chapter 7 provides the theoretical framework for optical Kerr switching, along with

the model I implemented to predict and verify the switching response.

The experimental setup, data collection and processing techniques, and results for

our all-optical Kerr switch are presented in Chapter 8. Additionally, the limitations

and capabilities of our switch are presented and discussed.

Chapter 9 concludes Part II of this thesis by summarizing the work presented and

outlining its importance. Potential applications of our switch and future avenues of

work are presented and discussed.



Part I

Excitonic Properties of 2D

Materials

9



Chapter 2

Background

2.1 Summary

In this chapter, I present background information pertaining to the preparation of

two-dimensional (2D) material samples and their physical and optical properties. The

ability to fabricate 2D materials is crucial in any experiment that probes or exploits

these systems, so a review of different sample preparation methods is presented here.

This chapter also explores the properties that arise from quantum confinement to two

dimensions, and explains how they are probed.

10



CHAPTER 2. BACKGROUND 11

2.2 Discovery of 2D Materials

2D materials provide an interesting platform to study and exploit quantum confine-

ment to two dimensions. The realization of graphene in 2004 by Andre Geim and

Konstantin Novoselov [2, 3] made this a reality; their ability to obtain a single-layer

flake from bulk graphite opened up a burgeoning research interest into the physics

and applications of 2D materials. This extensive interest in 2D materials is largely

owing to their unique optical, chemical, and physical properties. High carrier mobil-

ity, high conductivity, and high mechanical strength are but a few of the attractive

properties exhibited in certain 2D materials.

The availability of advanced equipment, methods, and tools for fabrication of graphene—

along with a growing understanding of bulk layered materials—has generated sub-

stantial growth in research into a new range of 2D materials, including topological

insulators and transition metal dichalcogenides (TMDs).

2.3 Transition Metal Dichalcogenides

Of the families of 2D materials, transition metal dichalcogenides (TMDs) are an ap-

pealing focus for research. Members of the TMD family are MX2-type compounds,

where M represents a transition metal element from groups IV, V, and VI of the peri-

odic table and X is an anion of the chalcogen species S, Se, or Te [23–25]. Transition

metals are defined by the International Union of Pure and Applied Chemistry (IU-

PAC) as elements that have partially-filled d sub-shell orbitals, or that can give rise
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to cations with incomplete d sub-shell orbitals. Dichalcogenides are chemical com-

pounds that consist of two chalcogen anions and at least one electropositive element

(in TMDs this is the transition metal). The contribution of unsaturated d-orbitals by

transition metals to the band structure in TMDs leads to properties such as charge

density waves, magnetism, and superconductivity [23–26]. 2D TMDs can be semi-

metals/metals, semiconductors, or even superconductors. Semiconducting 2D TMDs

are of particular interest in this work, as their properties can be probed optically.

All TMDs share the same layered crystal structure, which is characterized by strong

covalent intra-layer bonds and weak inter-layer bonds. The weaker inter-layer bonds

arise primarily from van der Waals forces that exist between layers. It is the pres-

ence of these weak van der Waals forces that gives rise to the layered structure and

anisotropic properties of TMDs, ultimately providing their ability to be thinned down

to single molecular layers.

2.4 Fabrication of 2D Transition Metal Dichalco-

genides

A number of methods exist to prepare samples of 2D TMDs, each of which can

generally be classified under one of two types of approaches: (1) the bottom-up

approach, or (2) the top-down approach. Bottom-up synthesis methods involve the

molecule-by-molecule growth of a crystalline layer of material, whereas top-down

exfoliation methods involve the thinning down of a bulk crystal until a single layer

remains.
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2.4.1 Bottom-Up Approach

Growth via the bottom-up approach is currently the only option for the production of

large-scale and commercial 2D materials. The bottom-up approach typically employs

a chemical vapour deposition (CVD) process to grow monolayer samples of TMDs.

In the CVD process, precursor compounds are heated to high temperatures in a

furnace under vacuum pressure to promote crystal structure formation on a substrate.

Precursors can take many forms, the most common being in solution [27, 28], a thin

deposition of elemental TMD [29, 30], or powder [31–36]. Typical substrates include

sapphire and Si/SiO2 [37]. TMDs grown on sapphire exhibit consistently higher

crystallinity than those grown on Si/SiO2 [38].

Almost all studies report a triangular shape in the initial growing crystals in the

CVD process; though in some cases hexagonal single layer initial growing crystals are

observed. The grains grow to join neighbouring crystals at the boundaries, forming

complete films. Grain sizes of CVD-grown TMDs are generally smaller than those

obtained by top-down approaches. High-quality crystal growth is entirely dependent

on the tuning of growth parameters, such as temperature, precursors and the partial

pressures of precursors, carrier gas concentrations, flow rate, and substrate used.

As there are many possible growth recipes for the fabrication of 2D samples of TMDs,

crystal quality is notably variable. If growth recipes are not optimized correctly, there

is a higher likelihood that defects or impurities will also be grown into the single layer

crystal structure [39]. The CVD process thus often leads to a greater density of defects

or impurities than would be found in top-down fabrication processes. For this reason,

samples prepared in a top-down approach are generally considered more pristine.
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2.4.2 Top-Down Approach

Of the top-down approaches, mechanical exfoliation (ME) is arguably the most promi-

nent method of fabricating samples of 2D materials. As mentioned in Section 2.2,

Novoselov and Geim [2, 3] were among the first to successfully demonstrate ME—or

the “Scotch tape method”—to obtain a single-atom-thick layer from bulk graphite,

and place it on a silicon wafer.

In the ME process, high-quality natural bulk TMD crystal is adhered to a stretch

of adhesive tape then removed, leaving behind flakes of layered material. These

flakes are subsequently thinned by repeated exfoliation, followed by final transfer and

adhesion to substrate. Exploiting the weak out-of-plane bonds present in layered

bulk TMD material, this simple yet effective method is capable of isolating high-

quality single-layer flakes tens of microns across in size. The outer layers of the bulk

“parent” crystal protect the pristine inner layers from oxidation and other adverse

environmental conditions. Flakes of 2D material obtained through ME are generally

preferred for research purposes, as they possess an inherent crystalline structure and

pristine quality. However, the process yield is is effectively random and generally very

low. Effective sample identification methods are therefore necessary.

Many creative solutions have been studied in an attempt to make the ME process

easier and more efficient, while still ensuring large, high-quality crystal nanosheets.

Although we do not employ these methods, they may be of interest to the future of

this work; for this reason, and for the purpose of completeness, the remainder of this

section describe some of these processes.
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A modified version of ME employs wafer anodic bonding [40], which is reported to

have higher yield and better control over the number of layers in monolayer TMD

material. In this method, bulk crystalline TMD material is placed on Pyrex glass,

contacting an anode to the TMD crystal and a cathode to the back of the glass. A

voltage is applied to the anode and cathode at high temperatures, facilitating anodic

bonding. The bonded crystal is peeled away using adhesive tape, leaving behind

thin flakes on the glass substrate. Another alternative ME method involves using

evaporated gold as a binding surface to hold onto single-layer TMD; chalcogens will

preferentially hold onto gold, in comparison to a silicon substrate.

Chemical exfoliation is another top-down approach which has been known for longer

than ME [41, 42]. With the rising interest of 2D materials, chemical exfoliation has

gained increased attention. Chemical exfoliation can either follow an ion intercalation

approach or a solvent-based exfoliation approach.

Ion intercalation involves the insertion of ions in the gaps between TMD layers in

their bulk crystals, forcing the gaps to widen [41]. Lithium ions are very small, and

are thus commonly used in solution as a source of ions in the intercalation exfoliation

process. After the intercalation, water is introduced and vigorously interacts with the

intercalated lithium ions to form hydrogen gas between TMD layers. This hydrogen

gas forces the layers apart, leaving behind mostly single-layer sheets suspended in so-

lution. Isopropyl alcohol, methanol, or rapid heating in vacuum at high temperatures

can be used instead of water to separate intercalated layers [41]. Low level of ion

intercalation result in low yield of single-layer TMD flakes; however, excess ion in-

tercalation can decompose TMD material into metal nanoparticles. Ion intercalation
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also influences the crystalline structure of specific TMDs, such as MoS2, where the

process induces a change from a semiconducting to a metallic structure [41, 43, 44].

This is undesirable for the electronic exploitation of such TMDs, as semiconducting

properties are generally preferred.

Solvent-based exfoliation is a relatively new process, initially proposed in 2011 [45].

Bulk TMD crystals separate into single- and few-layer sheets when introduced into

organic solvents, such as N -methylpyrrolidone (NMP) and isopropyl alcohol (IPA).

Organic solvents decrease the energy required for flake separation. Following flake

separation in the organic solvent, sonication is used to exfoliate the suspended flakes

into individual 2D layers. This method preserves the original crystal structure, unlike

ion intercalation and the yield rate is generally high [46]. Despite advantages of

this method, TMD nanosheets are typically small; on the order of a few thousand

nanometers, or smaller [41, 43–45, 47–50]. The destructive nature of the sonication

process tends to produce cracks and fractures in the flakes produced. ME is thus

generally preferred over chemical exfoliation processes where high-quality samples

are desired.

The exfoliation process is useful in fabricating heterostructures—samples with succes-

sively stacked layers of 2D material. However, the trapping of air pockets or unwanted

residue is often an issue when fabricating these types of structures. Air pockets can

lead to defects or regions of poor quality, which is undesirable when attempting to

probe or exploit pristine samples. A heat treatment procedure can be used to circum-

vent this [51]. 2D samples are heated during placement, which causes the congregation

of bubbles and contaminants. This creates large blister- and contaminant-free regions
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elsewhere. Referred to as the “hot pick-up technique”, the silicon wafer is heated dur-

ing sample transfer and placement. This process can be used as a means of cleaning

samples, relying on the greater diffusivity of contaminants at high temperatures.

The work presented in Part I of this thesis investigates the excitonic properties of

a specific 2D TMD: Molybdenum Disulphide (MoS2). Of the samples prepared, one

is grown via a bottom-up CVD approach, while the remaining seven are fabricated

using the top-down ME approach.

2.5 Structure and Physical Properties of MoS2

Of the 2D transition metal dichalcogenide (TMD) family, MoS2 has been one of the

most extensively studied TMDs. This is largely owing to its availability in nature

as bulk molybdenite. In its bulk form, MoS2 has been exploited since the 1960s in

applications such as dry lubrication [52], catalysis [53], photovoltaics [54], and bat-

teries [55]. Only very recently has 2D MoS2 attracted attention for its promising

semiconducting characteristics and potential applications in nanoelectronics, opto-

electronics, and optomechanics. 2D MoS2 is more stable in air than other TMDs,

providing yet another reason for its selection as a good candidate to study and ex-

ploit the excitonic response in 2D TMD systems.

Figure 2.1 shows the crystal structure of MoS2. Each crystal layer of MoS2 has a

plane of hexagonally-arranged molybdenum atoms, sandwiched between two planes

of hexagonally-arranged sulfur atoms; molybdenum and sulfur atoms covalently bond

in a S–Mo–S trigonal prismatic arrangement that forms a hexagonal crystal structure.
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Figure 2.1: Physical and crystal structure of MoS2. Bulk MoS2 shown in (a) consists
of stacked crystalline layers show in (b). Two possible layer stacking
configurations, 2H and 1T, are shown in (c), as viewed from the side.
The unit cell of these configurations, along with a top-down view of a
single layer, are shown in (d); the 2H configuration is shown to the left
and the 1T configuration is shown to the right in (d). Figures (a), (b),
and (c) reproduced from [56]. Figure (d) reproduced from [57].

The most common crystal symmetry configurations for MoS2 are hexagonal and octa-

hedral, which depend on the crystal layer stacking order and determine the observed

physical, optical, and electrical properties. The hexagonal stacking configuration has

semiconducting properties, whereas the octahedral stacking configuration has metal-

lic properties. Hexagonal configurations were discovered earlier [5] and are more

stable [58] than octahedral configurations. Two common polymorphs of few-layer

MoS2 include the 2H phase (hexagonal) and the 1T phase (trigonal), and are shown

in Figure 2.1(c). The 2H polymorph exhibits trigonal prismatic coordination and

behaves as a semiconductor, while the 1T phase exhibits octahedral coordination and
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behaves as a metal [59]. The 1T phase is metastable, and will return to the 2H phase

after annealing in atmospheric conditions [41].

The Mo–S bond length is 2.4 Å, the crystal lattice constant is 3.2 Å, and the distance

between the upper and lower sulfur atoms is 3.1 Å [58, 60]. MoS2 has been shown

to possess a high mechanical strength, with a Young’s modulus greater than that of

steel [61,62]. Impressively, a monolayer of MoS2 is marginally stronger than its bulk

form [63]. Layers of MoS2 can be deformed by up to 11% without fracture [61, 63],

and are also capable of being bent to a curvature of radius 0.77 mm without losing

their electronic properties [64]. For these reasons, 2D MoS2 is a promising candidate

for flexible electronics.

2.5.1 2D Heterostructures

Stacked heterostructures of 2D material layers have gained considerable interest with

the growing research direction of 2D materials as a whole. Some samples in this work

are stacked atop, or sandwiched between, layers of hexagonal boron nitride (hBN) to

make MoS2/hBN heterostructures.

Another 2D material, hBN consists of alternating boron and nitrogen atoms bonded

in a hexagonal honeycomb lattice. In its bulk form, hBN consists of either flakes

or powder. As in TMDs, weak van der Waals forces exist between layers in hBN,

whereas strong molecular bonds exist between boron and nitrogen atoms within layers.

Individual layers of hBN are 3.3 Å thick [65]. Much like graphene and MoS2, hBN

can be grown or exfoliated to achieve an isolated single layer.
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hBN is essentially an insulator, with a large direct bandgap of 5.9 eV [66]. It is

thus often used as a protective layer or substrate for other 2D materials, such as

graphene or TMDs. Characterized by an anti-oxidation temperature of 900°C and

high electrical insulation, it remains stable in ambient conditions. hBN is capable

of creating high-performance 2D field-effect transistors (FETs) [67] and tunnelling

devices, and provides a useful platform for studying interlayer exciton interactions.

When stacked in a heterostructure with other 2D material layers, hBN can provide

sample isolation for probing and exploiting intrinsic sample properties. Current 2D

materials are influenced by their external environments; substrate influence can thus

pose a large problem. In 2D MoS2, substrate properties such as roughness, charge

trapping, defects, and adsorbates influence carrier mobility. Introducing sample iso-

lation via hBN can thus mitigate some of these effects.

Part of what makes hBN such an ideal protective material for 2D MoS2 comes from

its ability to provide a relatively flat platform (in comparison to a Si/SiO2 substrate),

to mitigate lattice distortions, and to act as a barrier for unwanted charge transfers.

These properties have been used to explain a near order of magnitude increase in the

photoluminescence (PL) response of MoS2 [68]. The mechanism for this PL response

is crucial in this work, and is detailed in Section 2.7.1.

Few-layer hBN interacts minimally with 2D MoS2, so it can act as a good buffer

between MoS2 nanosheets and a Si/SiO2 substrate. Yet another useful attribute of

hBN is its large bandgap; this allows hBN to act as a barrier for unwanted charge

transfer. In 2D TMD materials, like MoS2, unwanted charge transfers can lead to

corrosion. Additionally, surface charge transfer can give rise to a quenching of PL in
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cases of bare 2D MoS2 on Si/SiO2 substrate. Suspended MoS2 structures (sometimes

referred to as MoS2 membranes) have also been shown to give rise to an increase in

PL quantum efficiency (QE) [8,69]; the same mechanism of isolation from the Si/SiO2

substrate is attributed to this increased QE. Although suspended MoS2 nanosheets

are capable of providing isolation from substrate, they are more time-consuming to

fabricate and are at higher risk of damage. For this reason, hBN encapsulation tends

to be the favourable mechanism of sample isolation.

2.6 Identification and Characterization of 2D MoS2

The ability to identify and characterize 2D MoS2 is important—both for fundamental

studies of their excitonic properties, as well as for their application. Characterizing

the number of layers present in samples of MoS2 allows for the identification of mono-

layer regions; a necessary capability for further investigation of excitonic properties

in monolayer MoS2. The most common methods of sample identification and charac-

terization to-date include optical microscopy (OM), Raman spectroscopy (RS), and

atomic force microscopy (AFM). We employ OM for initial sample characterization,

which is described in this section.

2.6.1 Optical Microscopy

Optical microscopy (OM) is a simple, nondestructive, and efficient technique that

allows for the rapid identification and characterization of 2D nanosheets over a large
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area [70–81]. Excellent optical contrast is required to observe monolayer or few-

layer MoS2 flakes under an optical microscope [2]. To achieve sufficient contrast,

a substrate with a specific dielectric coating is required. A silicon dioxide (SiO2)

dielectric coating atop a silicon (Si) wafer is the most commonly used substrate for

this. Figure 2.2 shows the optical contrast of a multilayer MoS2 flake on a 285 nm

SiO2 dielectric-coated silicon substrate.

Figure 2.2: Optical microscopy contrast of 2D MoS2 layers. Figure reproduced from
[44].

The oxide layer (SiO2) thickness must be chosen such that it meets conditions for

constructive interference [82]. This is analogous to the thin film interference effect

that gives rise to the colourful interference observed from a thin oil film resting on

water, or from a soap bubble.

Several groups have studied the ideal SiO2 thickness for optical identification of single-

to few-layer MoS2 [70,75,83]. The most common SiO2 thickness used for the purpose

of direct observation is between 270–300 nm [84]. All ME samples studied in this
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thesis are on substrates with SiO2 coatings in this range. Due to the cyclic nature

of optical interference, another common SiO2 thickness for 2D MoS2 observation is

∼ 90 nm, which the CVD-grown sample discussed in this work sits on.

Samples atop substrates with the correct oxide layer thickness for thin film interfer-

ence are capable of being quickly identified under an optical microscope. In practice,

OM can identify thin flakes (≤ 4 layers) of MoS2 in comparison to bulk regions. It

is also capable of distinguishing between regions of a thin flake sample (≤ 6 layers)

that differ by a single layer. Despite these capabilities, it is still a challenge to quan-

tifiably distinguish monolayer MoS2 via OM. Image processing techniques have been

developed to overcome this. One example includes calculating the contrast difference

between regions of 2D material and substrate, using the brightness profile of their

colour OM image or the greyscale images of their R, G, or B channels [70, 76]. Im-

age processing methods depend on the OM imaging system (i.e., the illumination

source, the white balance of the camera), which imposes difficulty in characterizing

the number of layers between any two given samples; generally, white-balancing will

differ sample-to-sample. For this reason, it is necessary to employ additional, com-

plementary sample identification and characterization techniques. We utilize OM to

initially identify and characterize candidate monolayer MoS2 samples, then present

PL mapping as a necessary addition to our sample characterization toolbox.
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2.7 Excitonic Properties in 2D MoS2

Semiconducting material is defined by the presence of a forbidden energy region in

which the density of electronic states is zero; also called a bandgap. This bandgap

is the difference in energy between the highest energy state in the material’s valence

band and the lowest energy state in the material’s conduction band. In its unexcited

state, and at zero temperature, all the electrons in a semiconducting material reside

in its valence band. To promote an electron from the valence band to the conduction

band, energy at least equal to the bandgap must be absorbed. Electrons can absorb

this energy via interactions with phonons (quantized vibrational energy) or photons

(quantized light).

The energy band structure in a semiconductor varies in crystal momentum (k-vector).

If the maximum of the valence band and the minimum of the conduction band occur

at the same k-vector, the bandgap is said to be direct. For different k-vectors, the

bandgap is referred to as indirect. Direct bandgap semiconductors have a more effi-

cient radiative recombination process; unlike indirect bandgap semiconductors, they

do not require a phonon-assisted transition. Thus, direct bandgap semiconductors are

more desirable than indirect badgap semiconductors for optoelectronic applications

such as photoemitters.

2.7.1 Band Structure

Belonging to the TMD family, MoS2 exhibits a bandgap that varies with the number

of layers present. Bulk MoS2 has an indirect bandgap of 1.29 eV [5, 58, 85]. From
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bulk to monolayer MoS2, the band structure becomes strongly influenced by quantum

confinement to two dimensions, and a shift to direct bandgap of about 1.89 eV is

observed for monolayer flakes [5,43,84]. This shift to direct bandgap greatly increases

the potential for MoS2 optoelectronic devices.

Figure 2.3 shows the electronic band structure of MoS2 for decreasing number of

layers. In bulk MoS2, the valence band maximum is located at the Γ point, and the

Bulk 4 Layers 2 Layers Monolayer

Figure 2.3: Calculated band structure for decreasing number of layers in MoS2. Fig-
ure reproduced from [4].

conduction band minimum is located nearly halfway along the Γ–K direction; this

provides the indirect bandgap transition [5,86,87]. Shifting to monolayer, the lowest

band in the conduction band moves upwards, which increases the overall bandgap.

The bands near the Γ point are due to hybridization between the pz-orbitals of S atoms

and the d-orbitals of Mo atoms; they are thus affected by interlayer interactions to
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a greater extent than the bands near the K point, which are mainly due to the d-

orbitals of the Mo atoms in-plane. The bands at the Γ point are therefore affected

by a decrease in number of layers to a greater extent [4,88]. In monolayer MoS2, the

indirect bandgap transition is larger than the direct bandgap transition. The smallest

bandgap thus becomes the direct bandgap at the K-point.

It is its direct bandgap which provides the basis for the large amount of interest in

studying and exploiting monolayer MoS2. The work presented in this thesis measures

the bound excited states in 2D MoS2, which are largely owing to this direct bandgap.

2.7.2 Optical Response of 2D MoS2

When an electron in a semiconductor is excited from the valence band to the con-

duction band, it leaves behind a hole in the valence band. The excited electron is

attracted to the electron hole via the electrostatic Coulomb force; this is referred to as

an exciton. Excitons are electrically neutral quasiparticles, which are regarded as an

elementary excitation of condensed matter; they can transport energy without trans-

porting net electric charge. An exciton can form in a material upon absorption of a

photon with energy greater than—or equal to—its bandgap. The attraction between

the excited electron and its hole provides a stabilizing energy balance, consequently

leading to the exciton possessing a slightly lower energy than the unbound electron

and hole. Excitons can recombine via both radiative and non-radiative pathways;

both of which provide information on the intrinsic properties of the semiconductor.

Radiative recombination pathways are defined by the emission of a photon when the
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electron de-excites back to its hole in the valence band. This process gives rise to what

is referred to as photoluminescence (PL). PL measurements provide a non-destructive

method of probing a material’s optical and electronic properties. Specifically, it mea-

sures the excitonic relaxation transitions in a material. A near 1000× increase in the

PL response is observed in monolayer MoS2 in comparison to its bulk form; owing to

its intriguing shift to direct bandgap for decreasing number of layers.

Monolayer MoS2 has a typical absorption, that is relatively-large for its thickness, of

about 10–20% in the wavelength range above bandgap [89]. Although it is has almost

a 1000-fold increase in PL quantum yield (PLQY) compared to its bulk counterpart,

monolayer MoS2 has a relatively low PLQY of about 0.4% [5]. PLQY has been

observed to increase for suspended [8] and hBN-encapsulated MoS2 structures [39],

chemically-treated MoS2 [90], and electrostatically gated MoS2 [91].

The PL response in 2D MoS2 is dictated by the excitonic relaxation pathways present.

Multiple radiative recombination mechanisms contribute to the PL spectrum in sam-

ples of 2D MoS2, as shown in Figure 2.4(a). The previously-mentioned increase in

PL intensity from bulk to monolayer MoS2 is shown in Figure 2.4(b).

The radiative recombination transitions in 2D MoS2 can be extracted from its PL

response. These transitions consist of two exciton modes (the A-exciton and the B-

exciton) and a trion mode (A−). Excitons A (∼ 1.92 eV) and B (∼ 2.08 eV) occur

due to a spin-orbit band splitting at the K-point in the valence band, which allows

for two optically active transitions [92]. Low dielectric screening due to quantum

confinement to 2D in monolayer MoS2 provides both the A and B excitons with high

binding energy [93]. The presence of excess electrons due to electrical or chemical
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(a) (b)

Figure 2.4: PL response in 2D MoS2. Contributions to the PL from three excitonic
transitions shown in (a); increase in PL for decreasing layer number shown
in (b). Figure (a) reproduced from [92]. Figure (b) reproduced from [43].

doping [94,95]—or from the presence of unwanted defects—leads to the formation of

trions. A negative trion is a bound state of an exciton and an additional electron, and

is generally observed in the PL response of monolayer MoS2 at about 1.79 eV [92].

Trions are generally indicative of a greater defect density present in the material.

Excitons A and B, as well as trion A−, are influenced by differences in the band

structure of MoS2, and therefore provide insight into electronic properties. In this

work, we measure PL from 2D MoS2 to understand the excitonic transitions present.

2.8 Ultrafast Exciton Dynamics in 2D MoS2

Exciton recombination mechanisms in 2D MoS2 can be further understood by mea-

suring exciton lifetimes. Despite recent progress, recombination mechanisms in 2D
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TMDs remain poorly understood. It is therefore crucial to develop a better under-

standing of the recombination mechanisms in 2D TMD systems by measuring their

exciton lifetimes.

Non-radiative lifetimes are of particular importance to quantify and understand.

Quantum efficiencies (QEs) of TMD light emitters are very poor (in the 0.01–1%

range) [96–100], meaning that most photoexcited carriers recombine non-radiatively.

2.8.1 Results from Pump-Probe Spectroscopy

The standard method of measuring ultrafast carrier dynamics is pump-probe spec-

troscopy. In this technique, an ultrashort optical pulse is split in two, generating

two pulsed beams of light. One beam is a stronger “pump”, while the other is a

weaker “probe”. The pump beam generates a non-equilibrium state in the system via

above-bandgap excitation. The probe beam is delayed relative to the pump beam,

and is used to monitor changes in the material induced by the pump. Changes in the

material’s optical constants are monitored by measuring the change in reflectivity or

transmission experienced by the probe as a function of its delay relative to the pump.

In this technique, the pump is usually focussed to a larger spot size than the probe,

such that probing only occurs in regions of the sample being pumped. The probe

photons can, in general, have any energy; usually the probe is chosen to target some

specified transition.

As the probe beam is delayed relative to the pump, the differential reflection or

transmission measured returns to zero with some associated decay lifetime(s). This
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is illustrated in Figure 2.5, where a differential transmission (∆T/T) in the probe

is measured. Exciton lifetimes can be extracted from a measurement of differential

Figure 2.5: Measurement of ultrafast exciton decay dynamics in 2D MoS2 via pump-
probe spectroscopy at room temperature. A pump with photon energy
of 2.74 eV was used to generate carriers, the lifetimes of which were
measured via the differential transmission of a probe beam with photon
energy of 1.37 eV. The differential transmission measurement is shown in
(a). A zoomed-in version of the measurement in (a) is shown in (b) for
three regions: I corresponds to the time it takes ∆T/T to reach a negative
maximum; II indicates a fast recovery timescale of the negative ∆T/T (a
fast exciton lifetime); and III corresponds to a slow recovery timescale of
the negative ∆T/T (a slow exciton lifetime). Figure reproduced from [9].

reflection or transmission via exponential fitting. In most reported cases of mono-

layer MoS2, the recovery of the differential reflection or transmission occurs over two

timescales that correspond to carrier capture: one is fast (∼ 2 ps), the other is slower

(∼ 100 ps). These two different timescales have been observed in previous ultrafast

studies; however, there is still variation in lifetime measurements. Most ultrafast
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measurements report two lifetimes: a short lifetime that is a few picoseconds, and

a longer lifetime that can be anywhere from tens of picoseconds to hundreds of pi-

coseconds [8, 101, 102]. Radiative lifetimes are reportedly much longer than either

of these timescales [103]. This provides evidence that the observed ultrafast exciton

lifetimes can be attributed to non-radiative recombination mechanisms via defect-

assisted Auger scattering. Auger scattering is a phenomenon where the relaxation of

an electron to fill an unoccupied hole in the valence band leads to the ejection of an-

other electron from the atom. Defect-assisted recombination processes, such as Auger

scattering, are crucial to understand in 2D TMDs. They are therefore important to

measure.

Although pump-probe is capable of measuring excitonic lifetimes, it requires the mea-

surement of a change in reflection or transmission of the probe beam; this change is

generally on the order of 10−6 times smaller than the incident probe beam, making

it challenging to measure. In comparison, the higher-intensity PL response is easier

to detect and is also capable of providing exciton relaxation lifetimes.

2.8.2 Femtosecond Excitation Correlation Spectroscopy

Rather than measuring the differential reflection or transmission via pump-probe spec-

troscopy, the PL response of a material can be used to extract carrier lifetimes. This

technique is referred to as femtosecond excitation correlation (FEC) spectroscopy.

FEC was used extensively by previous group members—Mark Wilson [104], Tam

Nhan [105], Yee-Fang Xiao [106, 107], and Mitchell Anderson [108]—to measure ex-

citon dynamics in carbon nanotubes. They often referred to FEC spectroscopy as
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pump-pump spectroscopy, as the delayed pulses of light have the same spectral pro-

file, have the same spot size, and are of similar intensities.

In FEC spectroscopy, a pulsed excitation source is split in two by a beamsplitter.

One pulse is delayed relative to the other, before they are recombined along the same

optical axis. PL is measured as a function of this delay time, providing relaxation

time constants for the excitons in the system. This method of measuring ultrafast

exciton lifetimes requires a nonlinear PL response to increasing incident pump fluence.

In this nonlinear regime, higher pump fluence gives rise to higher exciton densities,

which forces more exciton-exciton interactions. These exciton-exciton interactions can

cause annihilations through non-radiative recombinations, such as Auger scattering.

From this, we expect the largest possible exciton density when our two pump pulses

overlap in time; any delay added to the two pump pulses would generate a lower

exciton density. We therefore expect to observe a larger PL response for increasing

pump pulse delay, as the exciton density will be smaller than that generated by two

overlapping pump pulses and fewer exciton-exciton interactions will occur.

2D MoS2 has been observed to exhibit a sublinear pump fluence dependence, as

illustrated in Figure 2.6, which is attributed to defect-assisted non-radiative recom-

bination via Auger carrier capture. This sublinearity provides evidence that an FEC

technique is capable of resolving the exciton relaxation lifetimes in 2D MoS2.

FEC operates in the nonlinear pump fluence regime. The extreme case of operation in

a PL saturation regime is often easiest to consider for understanding this technique. In

this regime, there are two extreme cases of pulse delay. For zero pulse delay, the total

PL measured will not depend on the pump intensity, as the PL is already saturated;
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Figure 2.6: Observed nonlinear pump fluence dependence observed in monolayer
MoS2. Figure reproduced from [9].

whereas for extremely long pulse delay (much longer than the exciton lifetimes), the

total PL measured will be double its saturated value. This is depicted in Figure 2.7,

which was generated by a previous student, Mark Wilson.

Figure 2.7: Schematic diagram of the femtosecond excitation correlation (FEC) tech-
nique. Figure adapted from Mark Wilson [104].

The real interest lies in the regime where delay is varied between these two extremes.

PL is measured as a function of delay, and can be used to extract the rate(s) of decay in

its signal. Intuitively, the first pulse generates one exciton as it has adequate intensity

to saturate the system. As time passes, there is some probability that this exciton
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will recombine (either radiatively or non-radiatively). The arrival of the second pulse

truncates this process, leaving the system with exactly one exciton regardless of its

previous state. This exciton will either recombine radiatively or non-radiatively, but

produces a constant PL signal on average. The only variation in this process is the

timing of the second pulse, and therefore, the contribution to the PL from the first

pulse.

Although the PL in monolayer MoS2 is not observed to saturate, it still exhibits a

sublinear response to incident pump fluence. This can be exploited to extract exciton

lifetimes in 2D MoS2; the only difference is that the relative increase in PL for longer

pulse delays will be smaller than in the extreme PL saturation regime.

In this work, preliminary measurements of ultrafast exciton relaxation dynamics by

FEC are presented. The capabilities we built up provide a solid basis for further

experimental investigation into the ultrafast exciton relaxation mechanisms in 2D

MoS2.



Chapter 3

Sample Preparation and

Characterization

3.1 Summary

To probe the excitonic properties in 2D materials, we require samples for study.

This chapter describes the preparation methods used to obtain samples of 2D mate-

rial. In particular, nanosheets of MoS2 are prepared via chemical vapour deposition

(CVD) and mechanical exfoliation (ME). Samples are then characterized by optical

microscopy (OM) to identify candidates with desirable excitonic properties.

Sample preparation via ME was performed by collaborator Kurt Tyson, with my

assistance in a number of cases. Although this chapter provides an overview of the

ME process, a more detailed discussion can be found in Kurt Tyson’s MSc thesis [109].
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3.2 Sample Preparation

Our study investigates the influence of sample environment on the electronic prop-

erties of 2D MoS2. A number of factors affect the excitonic response, including

sample growth, substrate, localized folding and tearing of sample material, and sam-

ple isolation via hBN-encapsulation. Each of these factors is determined by sample

preparation method. It is therefore imperative to understand how different sample

preparation techniques influence the underlying excitonic response in 2D MoS2.

Atomically thin samples of MoS2 were prepared by two different methods: chemical

vapour deposition (CVD) and mechanical exfoliation (ME). The majority of samples

in this work were prepared via ME, as we had more flexibility and control over the

imposed sample environment; mechanically exfoliated samples were prepared with

varying environmental conditions, such as the presence of multiple layers, single- or

double-sided encapsulation by Hexagonal Boron-Nitride (hBN), or localized rips and

tears.

3.2.1 Chemical Vapour Deposition

A single CVD-grown sample of monolayer MoS2 was purchased from 2D Semicon-

ductors. The sample has full-area, single-layer MoS2 coverage on a 1× 1 cm Si/SiO2

(Silicon Dioxide on Silicon) substrate.

The typical CVD process involves exposing a substrate (in this case, Si/SiO2) to

one or more volatile precursors. These precursors react and/or decompose on the
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substrate surface, producing a desired deposit. The acquired CVD sample was grown

using MoO3 (s) and S2 (s) precursors, at a temperature of ∼ 670°C and under 30 mT

base pressure. At temperatures above 540°C, MoO3 and S both vaporize and react

on the oxide surface of the substrate (SiO2). A carrier gas consisting of 5 sccm H2 (g)

and 25 sccm Ar (g) is used. Choice of carrier gas influences growth rate of the CVD

process, sample surface morphology, and crystallinity of the grown sample [110].

Prior to growth, the sample surface is chemically treated using Ar plasma process-

ing, followed by piranha etching (with a sulfuric acid and hydrogen peroxide mix-

ture) to create smooth surfaces. The sample is further surface-functionalized with

high-temperature-compatible organic molecules, which act as nucleation promoters.

Typical sample growth takes about 20 minutes to reach full continuity. Samples are

subsequently cooled from 640°C to 20°C over the span of 2 hours.

3.2.2 Mechanical Exfoliation

With the exception of the purchased CVD sample, the remaining samples studied

in this work were prepared by ME. Although the scaling up of ME is limited, it is

currently the most efficient way to produce the cleanest, highly crystalline, few- to

monolayer nanosheets of MoS2 [111].

Mechanically exfoliated samples are prepared by collaborator Kurt Tyson. I assisted

in producing and identifying candidate flakes. The ME and transfer to substrate

process is illustrated in Figure 3.1, and discussed here in brief. A more thorough

discussion is provided in Kurt Tyson’s MSc thesis [109].
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In the ME process, layers of MoS2 are removed from a commercially-available bulk

sample, using Nitto adhesive tape. This first exfoliation thins the sample; however,

the vast majority of MoS2 separated from the bulk crystal by the Nitto tape is still

classified as bulk material. Thus, subsequent exfoliations are required, and Nitto

tape is used to iteratively separate layers via exfoliation, until sufficient thinning is

achieved. This generally occurs after approximately 3–6 exfoliation iterations, or

until semi-transparent flakes are observed on the Nitto tape. Already, the effective

randomness of the ME process is apparent.

The thinned MoS2 (on the Nitto tape) is then brought into contact with polydimethyl-

siloxane (PDMS) gel atop a glass side, and quickly pulled away. This transfers candi-

date 2D flakes to the PDMS gel surface. PDMS gel is viscoelastic, acting as a viscous

liquid for long flow times and as an elastic solid for short flow times. As such, PDMS

gel adheres to flakes during a fast transfer and releases flakes during slow transfer.

Once candidate flakes have been transferred to PDMS gel, they are observed under

an optical microscope (Nikon Eclipse Ni-U). Candidate 2D flakes are identified by

OM for subsequent transfer onto substrate.

After a candidate 2D flake is identified, it is transferred onto a Si/SiO2 wafer using a

mask aligner (microscope with micro-manipulators). During this process, the PDMS

(with sample) is slowly brought into contact with the substrate, then slowly removed

to transfer the desired flake of MoS2 onto the substrate. The sample is then observed,

again, under the Nikon optical microscope to confirm the success of the transfer and

for initial characterization by OM.
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Figure 3.1: Process used to mechanically exfoliate samples of 2D MoS2 and transfer
them to a Si/SiO2 substrate. Bulk crystal is attached to Nitto adhesive
tape in (a). A second piece of Nitto tape encapsulates the bulk flake in (b)
and is pulled away in (c). The crystal is separated and thinned down as
the pieces of Nitto tape are pulled apart in (d). Processes in (b) to (d) are
repeated (approximately 3–6 times) until the 2D material is sufficiently
thinned. After repeated exfoliation, the remaining 2D material is brought
into contact with PDMS (e) and is pulled away (f), leaving behind 2D
material on PDMS. The PDMS, with 2D material on top, is placed on
a glass slide in (g). An optical microscope is used to identify 2D sample
candidates transferred to the PDMS in (h). The glass slide is loaded into
a mask aligner, with the 2D sample facing a Si/SiO2 wafer in (i). The
2D sample is slowly brought into contact with the Si/SiO2 wafer under a
microscope with micro-manipulators. The glass slide and PDMS is slowly
pulled away in (j), leaving behind the 2D sample on the Si/SiO2 wafer
in (k). The 2D sample is viewed under an optical microscope to inspect
sample integrity in (l). Figure generated by, and used with permission
from, Kurt Tyson [109].
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3.3 Initial Sample Characterization

We study eight samples of 2D MoS2 in this work. These samples are listed in Table

3.1, where sample numbering refers to the chronological order in which they were

prepared. Specific samples are subsequently referenced according to this numbering.

Preparation
Method

Substrate
Notable

Characteristics

Sample 1 CVD 90 nm SiO2 on Si Monolayer; full-coverage

Sample 2 ME 300 nm SiO2 on Si Monolayer

Sample 3 ME 286 nm SiO2 on Si
Monolayer;

hBN-encapsulated

Sample 4 ME 286 nm SiO2 on Si
Monolayer;

hBN-encapsulated

Sample 5 ME 286 nm SiO2 on Si Multilayer

Sample 6 ME 286 nm SiO2 on Si
Monolayer; localized

folds

Sample 7 ME 286 nm SiO2 on Si
Monolayer; localized
tears; electrical leads

added

Sample 8 ME 286 nm SiO2 on Si Monolayer; on hBN

Table 3.1: Samples of MoS2 studied. Sample number refers to the chronological
order in which samples were prepared.

Before exploring the excitonic response in available samples of MoS2 nanosheets,

samples are initially characterized by optical microscopy (OM). OM is used to identify

monolayer sample candidates and notable sample characteristics.
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3.3.1 Optical Microscopy

The rapid and reliable determination of the location and number of layers present of

large mechanically exfoliated flakes of TMDs is a necessary requirement during the

ME process. Optical microscopy (OM) is a simple, efficient, and nondestructive tech-

nique that allows for the rapid identification and characterization of 2D nanosheets

over a large area [70–81]. OM relies entirely on the optical contrast between a 2D

nanosheet and the substrate it sits on for quick identification, and is performed at a

number of stages in the ME process to increase efficiency.

OM images for the eight samples studied in this work are presented in Figure 3.2,

where the sample numbering is consistent with that in Table 3.1. As outlined in

Section 2.6.1, the OM method relies mainly on the optical contrast between the

sample and the substrate it sits on. For this reason, the oxide layer (SiO2) thickness

must be chosen such that it meets conditions for constructive interference [82].

For samples atop substrates with the correct oxide layer thicknesses for thin film

interference, OM allows for quick identification of thin MoS2 flakes (≤ 4 layers).

Further, OM is capable of distinguishing between regions of a thin flake sample (≤ 6

layers) that differ by a single layer. This is evident in the OM images of Samples 5,

6, and 7 in Figure 3.2, where contrast indicates regions of different thickness.

Although OM is capable of quickly identifying thin flakes of MoS2 and distinguishing

between regions of different thickness, identifying monolayer regions with certainty is

still a challenge. For this reason, further characterization by PL mapping is performed

in Chapter 4.
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Figure 3.2: Sample characterization by optical microscopy (OM). Samples are num-
bered above their corresponding OM images. Samples that are difficult
to identify (due to lack of contrast with substrate or hBN) are outlined
with a white dashed line. Images taken by Kurt Tyson.



Chapter 4

Probing Exciton Transitions in 2D

MoS2

4.1 Summary

This chapter describes the system that was implemented to optically probe excitonic

transitions in few- and single-layer MoS2. The excitonic response measured in 2D

MoS2 is presented and discussed for key sample attributes.

The optical setup presented in this chapter was implemented in a team effort between

myself, and group members Thomas Faour [112] and James Godfrey. It is based on

a setup designed by previous group members—Mark Wilson [104], Tam Nhan [105],

Yee-Fang Xiao [106, 107], and Mitchell Anderson [108]—to probe ultrafast dynamics

in carbon nanotubes.
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4.2 Experimental Setup

Figure 4.1 shows the experimental setup that I built, alongside Thomas Faour and

James Godfrey, to probe the excitonic transitions in 2D MoS2 via photoluminescence

(PL) mapping. It is essentially a microscope with two modes of operation: (1) white

light (WL) imaging mode, and (2) spectral imaging mode. Both modes of operation

are imperative for our PL mapping protocol.

Figure 4.1: Schematic of the overall experimental setup used for PL mapping of 2D
MoS2. The system is capable of quickly switching between operation in
white light and spectral imaging modes via a flip mirror.

Our setup for PL mapping is best thought of as broken down into three major com-

ponents: (1) the light sources for imaging, (2) the microscope opto-mechanics, and

(3) the detection systems.
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4.2.1 Light Sources

In WL imaging mode, a light-emitting diode (LED) WL source is used to illuminate

the sample. A portion of the WL source is collected and quasi-collimated by a plano-

convex lens. This creates a “beam” of WL, which is then coupled into the microscope

optics by a reflective neutral density (ND) filter (OD=0.3) that essentially acts as a

50:50 beamsplitter (BS).

In spectral imaging mode, a 532 nm continuous wave (CW) diode laser (Thorlabs

CPS532) is used to generate excitons in the sample. The photon energies associated

with the 532 nm diode laser output (∼ 2.33 eV) are well-above the bandgap of 2D

MoS2 (∼ 1.9 eV), which likely generate electron-hole pairs that quickly relax into the

excitons we measure.

Two bandpass filters are used to spectrally filter the beam from the 532 nm diode

laser, before it is coupled into the microscope optics. The CW diode laser has a

typical output power of 4.5 mW; however, the maximum optical power of the diode

laser available to be focussed onto the sample is ∼ 100 µW. This is attributed to the

polarization of the CW light travelling through the periscope, and to the reflective

ND filter. Although a substantial amount of optical power is lost by the time the

CW beam reaches the sample, ≤ 100 µW still provides ample excitation energy for

the purpose of PL mapping.
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4.2.2 Microscope Opto-Mechanics

In both WL and spectral imaging, the opto-mechanical components of the microscope

remain the same. The light source is directed into a periscope system, in which a

reflective ND filter (NDW03B) reflects some of the light source towards the sample.

An aspheric lens (C240TMD-B) is then used to focus the light source onto the sample.

The aspheric lens is anti-reflection (AR) coated for 650–1050 nm, has a focal length

of f = 8.00 mm, and has a numerical aperture (NA) of 0.5. It is mounted on a 1D

translation stage, controlled by a motorized linear actuator (Thorlabs Z825b) along

the optical axis for focussing purposes. The aspheric lens focusses the CW diode laser

to a spot size of ∼ 2 µm.

The sample under study sits beneath the aspheric lens, on an XY-stage controlled

by motorized linear actuators (Thorlabs Z625B). A LabVIEW program, written by

Thomas Faour, controls the movement of the XY-stage relative to the focussed light

source. This minimizes aberrations that would otherwise arise if the aspheric lens

were moved relative to the sample. The motorized actuators, combined with the XY-

stage, have a resolution of < 1 µm. The spot size of the diode laser is larger than

this, and thus sets the limit on the spatial resolution of our opto-mechanical setup

for PL mapping.

Light is then re-collected by the same aspheric lens used for focussing purposes. In the

case of WL imaging, WL that is reflected off the sample is collected; whereas in the

case of spectral imaging, the PL from the sample is collected. In both cases, reflected

light from the CW diode laser is also collected (with the exception of operation in WL

imaging mode with the CW diode laser turned off). The collected light is transmitted
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through the window and directed towards one of two detection systems, depending

on the imaging mode being used.

The NA of the aspheric lens defines our PL collection efficiency. We can estimate

our collection efficiency by assuming that PL is emitted from samples uniformly, and

in all directions. The aspheric lens can therefore only collect a fraction of this total

emitted PL. The collection efficiency of the aspheric lens is the ratio of the surface

area of the lens to the surface area of a sphere with radius f = 8.00 mm. Our aspheric

lens therefore has a collection efficiency of about 15%.

4.2.3 Detection Systems

When operating the system (Figure 4.1) in WL imaging mode, the WL reflected off

the sample and, in some cases, the reflected CW beam are directed towards a CMOS

camera (IDS UI-1490LE) for WL imaging detection.

In spectral imaging mode, PL from the photoexcited sample and reflected light from

the CW beam are directed towards a spectrometer (Horiba Jobin Yvon iHR320).

Two longpass filters are placed before the spectrometer to minimize the reflected

CW light entering the spectrometer. A plano-convex lens is placed directly before

the spectrometer to focus the PL signal at the entrance slit of the spectrometer. It

should be noted that this was done to maximize PL collection, rather than to perform

true confocal microscopy [104]. The spectrometer’s entrance slit has a minimum

width of 10 µm and a maximum width of 7 mm. Since we measure spectrally broad,

low intensity PL responses, we favour high spectrometer throughput over spectral
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resolution. Therefore, we measure PL with the spectrometer slits maximally opened

to 7 mm.

The spectrometer has a single turret, consisting of two reflective diffraction gratings

((1) 950 lines/mm with a 900 nm blaze angle, and (2) 1200 lines/mm with a 500 nm

blaze angle), and a mirror. In all measurements presented in Part I of this thesis, the

grating with 1200 lines/mm with a 500 nm blaze angle is used. We use this grating,

as its blaze angle is better optimized in the spectral region of the PL from 2D MoS2

(∼ 655 nm). The rated efficiency of this grating is about 50–60%, depending on

polarization, at 655 nm.

The spectrometer’s calibration was confirmed by Thomas Faour using the emission

lines from an Argon gas lamp. These lines were measured and compared with known

argon emission lines (from the National Institute of Standards and Technology (NIST)

database). The spectrometer is accurate to the NIST Argon lines within ±0.1 nm,

and we observe a spectral resolution of 0.2 nm.

An electron multiplying charge-coupled device (EMCCD) detector is located at the

exit port of the spectrometer. We use the EMCCD (Andor iXon 885K) to measure

the spectrally-resolved optical response of 2D MoS2. The EMCCD is a silicon-based

array detector, with electron multiplying (EM) gain capabilities. EM gain can be

used for low-fluence detection regimes to increase signal-to-noise ratio (SNR). For all

results presented in Part I of this thesis, the EMCCD is cooled to −85°C to minimize

the dark count detection rate from thermal photons. The EMCCD exposure time and

electron-multiplying (EM) gain are set to values that allow for efficient collection of

PL signals. Confirmation of a linear detector response, with respect to both exposure
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time and gain, allows for comparison between the PL response of different samples—

provided all other experimental parameters (such as general system alignment and

excitation power) remain the same. A linear EMCCD response to both exposure time

and gain was confirmed by Thomas Faour, and is shown in Figure 4.2.
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Figure 4.2: Linear EMCCD response for increasing gain shown in (a). Linear EM-
CCD response for increasing exposure time, for two common gain set-
tings (10 and 20), shown in (b). Data collected and analyzed by Thomas
Faour. Figures generated by, and used with permission from, Thomas
Faour [112].

We first show, in Figure 4.2(a), that the EMCCD response is linear with increasing

gain setting. The EMCCD response for two common gain settings (10 and 20) is

then shown to be linear with increasing exposure time in Figure 4.2(b). From this,

we extract a “gain factor”, corresponding to a particular gain setting, which can

be multiplied by the intensity (measured in counts per second) of a given spectral

dataset. This gain factor allows for comparison between spectral datasets with dif-

ferent gain and exposure time settings, provided all other experimental parameters

remain constant.
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4.3 Photoluminescence Mapping Protocol

4.3.1 Data Collection

Our protocol for PL mapping relies on our ability to switch between WL imaging

mode and spectral imaging mode. This is achieved by a flip mirror, placed between

the detection systems for both imaging modes. WL and spectral imaging modes are

depicted in Figures 4.3(a) and 4.3(b), respectively.

(a) White Light Imaging Mode (b) Spectral Imaging Mode

Figure 4.3: White light (a) and spectral imaging (b)modes for PL mapping.

When studying a given sample, we first operate the system in WL imaging mode

(Figure 4.3(a)) to locate the sample and prepare the system for spectral imaging.

The 532 nm excitation source (CW diode laser) is turned off, and the WL source is

directed into the periscope system and focussed onto the sample. The focussed WL

reflects off the sample, is collected by the aspheric lens, and is then directed towards

the CMOS camera for WL imaging.

The sample is located by monitoring the illuminated region on the sample substrate

via the CMOS camera, while the XY-stage is moved. As the samples we study are
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on the order of 10 × 10 microns, placed atop a substrate that is about 5 × 5 mm,

it is inefficient to scan the WL across the entire substrate to locate the sample. We

therefore locate samples by searching for nearby “landmarks”, which are identified by

optical microscopy (OM) prior to being placed in our experimental setup. Examples

of landmarks are identified in the OM images shown Figure 4.4. In earlier samples,

100 !m

(a) (b)

Figure 4.4: Locating samples of 2D MoS2 (outlined by dashed white box) via nearby
landmarks. Bulk and few-layer MoS2 landmarks circled in red in (a);
coordinate grid markers (fabricated by photolithography) circled in blue
in (b). Images taken by Kurt Tyson.

these landmarks are bulk pieces of MoS2 that were transferred to the substrate in

addition to the sample of interest. Examples of bulk MoS2 landmarks are circled in

red in Figure 4.4(a). Bulk MoS2 landmarks are dependent on the particular exfoliation

and transfer process for each unique sample. Random placement of these bulk MoS2

landmarks therefore requires that the system operator (in this case, myself or Thomas

Faour) be sufficiently familiar with the surrounding landmarks for any given sample,

and have reference OM images (at 5×, 10×, and 20× magnification) for efficient
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sample location. This is entirely possible, but for studies involving multiple samples,

it becomes tedious and inefficient.

For this reason, later sample substrates included a coordinate grid system of land-

marks, fabricated via photolithography by our collaborator, Kurt Tyson. Examples

of these coordinate landmarks are circled in blue in Figure 4.4(b). The grid pattern

of landmarks allows for efficiency in locating samples for PL mapping.

After the sample is located under WL illumination, the 532 nm CW diode laser is

turned on. The CMOS camera is monitored while the aspheric lens is moved along the

optical axis to focus the diode laser onto the sample. The X and Y motor positions,

which define the corners of the region of interest for PL mapping, are then recorded.

Before running a PL mapping scan, the XY-stage is moved to align the diode laser’s

spot onto a region of the sample where a PL response is anticipated. This is done to

ensure the detection settings (exposure time, gain) will be sensitive enough to measure

PL efficiently, without saturating the detector. The WL source is then turned off,

and the flip mirror is set to spectral imaging mode.

In spectral imaging mode (Figure 4.3(b)), with the diode laser focussed to a spot on

the sample that is expected to provide a PL response, we collect a spectrum. This

spectrum is used to confirm the presence of PL, and to set the EMCCD detection

area, exposure time, and gain necessary for collecting PL. Once the detection area,

exposure time, and gain are set, a PL map can be collected.

PL maps are collected by moving the XY stage (on which a given sample sits), relative

to the focussed 532 nm laser spot. As explained in Section 4.2.3, the laser spot size
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limits the spatial resolution we can achieve in PL mapping. The sample is scanned in

a typewriter fashion, which is shown in Figure 4.5. Unlike a raster-scanning method,

Scan Area

Figure 4.5: Typewriter scanning protocol used for PL mapping. The PL mapping
scan area is enclosed by the red box, starting at the green circle and ending
at the red circle. The motorized actuators are moved in the direction of
the arrows, stopping to collect spectra at each of the circles (corresponding
to XY coordinates). Spectra are always collected in the same direction.
Figure generated by, and used with permission from, Thomas Faour [112].

our typewriter scanning method minimizes backlash from the motorized actuators.

In the typewriter scanning regime, spectra are acquired in one direction of motion,

and the motorized actuators are scanned beyond the start and end area of each row.

4.3.2 Data Processing

The spectral intensity profiles, collected at each XY scan point, are generated by

vertical binning in the detection region set on the EMCCD. Collected spectra are

divided by exposure time, for conversion into a measurement of photon counts per
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second (or fluence) as a function of wavelength. The fluence-adjusted spectra are

then divided by the gain factor described in Section 4.2.3.

After spectra have been corrected for exposure time and gain, they are integrated

over part of the PL spectral range (∼ 620–710 nm). The minimum integrated spectral

value is subtracted from all other integrated spectral values to most accurately account

for background. The background-adjusted integrated spectral values are finally used

to generate PL maps. Our PL maps consist of adjusted, integrated spectral intensity

plotted as a function of both X and Y position.

The integrated spectra at any specified position on our PL maps can be selected and

plotted individually, providing information on the excitonic properties of the sample

at that specific location. We horizontally bin spectra collected by the EMCCD (over

a window equal to ∼ 0.2 nm), as the EMCCD over-samples spectral data.

As described in Section 2.7.2, we expect to observe PL from both an Exciton A peak

and a Trion A− peak in 2D MoS2. Thus, horizontally-binned spectra are fit by a

two-Lorentzian function,

L(λ) =
A

4

C2(
λ−B

)2
+
(
C
2

)2 +
X

4

Z2(
λ−Y

)2
+
(
Z
2

)2 , (4.1)

where A, B, C, X, Y, Z are fit parameters. A, B, and C are attributed to the

relative intensity, peak wavelength, and spectral full width at half maximum (FWHM)

of Exciton A, respectively. Likewise, X, Y, Z attributed to the relative intensity,

peak wavelength, and spectral FWHM of Trion A−, respectively. Fit parameters are

calculated, with 95% confidence bounds in Matlab, using a least-squares method.
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PL mapping is an important tool for probing and understanding the electronic prop-

erties of 2D MoS2. This is demonstrated in Section 4.4, where PL maps of selected

samples are presented alongside their excitonic response. It should be noted that

fitted spectra are plotted in energy space (as opposed to wavelength space) to better

characterize the excitonic transitions. Fitted spectra are converted to energy space

by the relationship E = hc/λ, where h is Planck’s constant and c is the speed of light.

Using this relationship, we map the fit parameters as follows:

A→ IA

B→ EA

C→ ∆EA

X→ IA−

Y → EA−

Z→ ∆EA−

(4.2)

where IA, EA, and ∆EA correspond to the normalized intensity, peak energy, and

FWHM of Exciton A, respectively; and IA− , EA− , and ∆EA− correspond to the

normalized intensity, peak energy, and FWHM of Trion A−, respectively. This allows

us to report excitonic characteristics in terms of energy in Section 4.4.

4.4 Photoluminescence Mapping

Our photoluminescence (PL) mapping protocol is employed as our main tool for

characterizing 2D MoS2. We use PL mapping to: (1) identify the number of layers
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present in a sample; (2) understand how sample preparation influences the excitonic

properties in 2D MoS2; (3) investigate the excitonic response of induced strain 2D

MoS2 with localized folding and tearing; and (4) to probe the influence of sample

isolation.

4.4.1 Identifying Number of Layers

Before investigating the influence of sample environment on the excitonic response

of 2D MoS2, we must first quantify the number of layers present in our samples.

Although optical microscopy (OM), Raman spectroscopy (RS), and atomic force mi-

croscopy (AFM) can provide useful information when identifying the number of layers

present in a sample of 2D MoS2, they do not concretely identify monolayer MoS2 as

well as PL mapping does. PL mapping is therefore a crucial addition to the toolbox

necessary for identifying the number of layers present in 2D semiconductors. Without

PL mapping, we are unable to confirm the presence of monolayer MoS2.

Sample 5 provides a particularly excellent example of PL mapping as a means to

quantify number of layers present. As shown in the OM image in Figure 4.6(a),

Sample 5 consists of a multilayer sample, with four distinct regions (A, B, C, and D).

Comparing the OM image (Figure 4.6(a)) and PL map (Figure 4.6(b)) of Sample 5,

it is evident that PL intensity is significantly greater in region A than in regions B,

C, or D. This is the first indicator of monolayer MoS2 in region A, and is consistent

with results in the literature [4]. Further, the spectra used to generate the PL map

in Figure 4.6(b) can be used to compare the relative PL intensities between regions

A, B, C, and D; this is shown in Figure 4.6(c). PL is nearly an order of magnitude
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Figure 4.6: Demonstration of identifying number of layers present in Sample 5 by PL
mapping. OM image in (a), where the region enclosed by the white box
is mapped by PL in (b). Individual spectra from regions A, B, C, and D
are plotted in (c), normalized relative to the maximum intensity of the
spectrum from region A.

higher for region A than regions B, C, or D; again, consistent with previous results for

monolayer MoS2 [4]. In addition to identifying the number of layers present through

the intensity information provided by PL, the peak location of PL spectra can be

used to identify monolayer MoS2.

For this reason, our investigation is extended to compare the excitonic properties

between regions A–D, by fitting the PL spectra to the two-exciton response function

defined in Equation 4.1. Figure 4.7 shows the resulting fits for the four regions, where

fitted PL spectra have been mapped to energy space, as shown in Equation 4.2, to

extract excitonic characteristics. Characteristics of the Exciton A and Trion A− (as

explained in Section 2.7.2) are provided in Table 4.1.

The discrepancy between the fit (purple) and data (blue) in Figures 4.7(b), (c), and

(d) is due to the exclusion of spectral data below 650 nm (or above 1.907 eV) when

fitting. The data in this spectral region includes contributions from the tail of a
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Region A Region B

Region C Region D

Spectral Data Exciton A Trion A- Fitted Curve

Figure 4.7: Excitonic response of regions A, B, C, and D (defined in Figure 4.6) on
Sample 5. Spectral data are fit using Equation 4.1, converted to energy
via Equation 4.2, and plotted in blue. The total fit is plotted in purple;
Exciton A is plotted in green; Trion A− is plotted in yellow. For (b), (c),
and (d), only Exciton A contributed to the total fit.

higher-energy Exciton B, for which the peak occurs around 620 nm (2 eV). It was

not possible to constrain the fitting parameters to account for Exciton B; thus data

in this region are excluded.

Results in Table 4.1 show that the Exciton A peak (EA) associated with region A

is blue-shifted compared to the Exciton A peaks associated with regions B, C, and

D; this is also consistent with results in the literature [43]. The peak locations of

the excitonic responses observed in regions A, B, and C are indicative of monolayer,

bi-layer, and tri-layer MoS2, respectively. There is no quantifiable difference between
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IA
(A.U.)

EA

(eV)
∆EA

(meV)
IA−

(A.U.)
EA−

(eV)

∆EA−

(meV)

Region A
0.85±
0.05

1.893±
0.003

69± 6
0.30±
0.05

1.845±
0.005

66± 10

Region B
0.94±
0.02

1.875±
0.001

74± 6 – – –

Region C
0.83±
0.03

1.8536±
0.0009

97± 6 – – –

Region D
0.84±
0.03

1.858±
0.002

78± 20 – – –

Table 4.1: Calculated exciton characteristics (shown in Figure 4.7) for regions A,
B, C, and D (see Figure 4.6) on Sample 5. IA, EA, and ∆EA corre-
spond to the normalized intensity, peak energy, and FWHM of Exciton
A, respectively; IA− , EA− , and ∆EA− correspond to the normalized in-
tensity, peak energy, and FWHM of Trion A−, respectively.

the peak location found for regions C and D; however, this is attributed to a lower

SNR for these datasets. Higher sensitivity measurements for regions C and D are

anticipated to provide a more noticeable distinction in excitonic response. With the

capability of identifying regions of monolayer MoS2 via PL mapping, we are able to

further investigate excitonic properties in known monolayer samples.

4.4.2 Influence of Sample Growth and Preparation

Given our ability to identify monolayer regions of 2D MoS2, demonstrated in Section

4.4.1, we investigate the influence of sample growth and preparation on its excitonic

response. Figure 4.8 compares Sample 1 (grown by CVD) with Sample 2 (fabricated

by ME).
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Figure 4.8: Influence of sample growth and preparation on excitonic response in
monolayer MoS2. Left column: Results for Sample 1, prepared by CVD;
right column: results for Sample 2, prepared by ME. OM images for Sam-
ple 1 and 2 are shown in (a) and (d), respectively; PL maps for Sample
1 and 2 are shown in (b) and (e), respectively. Spectral data for the
highest-intensity values of integrated PL in (b) and (e) are provided in
(c) and (f) for Samples 1 and 2, respectively. Spectral data (blue) are fit
using Equation 4.1, and converted to energy via Equation 4.2. The total
fit is plotted in purple; Exciton A is plotted in green; Trion A− is plotted
in yellow.

The CVD sample covers a much larger area than the ME sample, as is evident in the

scale of their respective OM images in Figures 4.8(a) and (d). Although CVD is able

to produce samples on a larger scale, it is evident from the PL map provided in Figure

4.8(b) that the monolayer coverage of the CVD sample is not perfectly uniform.

Excitonic properties between Samples 1 and 2 are compared in Figures 4.8(c) and (f)
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for Samples 1 and 2, respectively. Spectra are fit using Equation 4.1 then mapped to

energy space, as shown in Equation 4.2, to extract excitonic characteristics. Charac-

teristics of the Exciton A and Trion A− (as explained in Section 2.7.2) are provided

in Table 4.2. The discrepancy at higher energies between the fit (purple) and data

(blue) in Figure 4.8(c) is due to the exclusion of spectral data below 650 nm (or

energies > 1.907 eV), from the tail of the higher-energy Exciton B (as explained in

Section 2.7.2) when fitting.

IA
(A.U.)

EA

(eV)
∆EA

(meV)
IA−

(A.U.)
EA−

(eV)

∆EA−

(meV)

Sample 1
(CVD)

0.81±
0.09

1.845±
0.005

110± 5 0.3± 0.1
1.8008±
0.0007

80± 10

Sample 2
(ME)

0.98±
0.02

1.8958±
0.0006

46± 2
0.11±
0.02

1.848±
0.006

33± 10

Table 4.2: Calculated exciton characteristics for samples prepared via CVD
(Sample 1) and ME (Sample 2). IA, EA, and ∆EA correspond to the
normalized intensity, peak energy, and FWHM of Exciton A, respec-
tively; IA− , EA− , and ∆EA− correspond to the normalized intensity,
peak energy, and FWHM of Trion A−, respectively.

We observe a significant difference between the peak energies EA and EA− , associated

with Exciton A and Trion A−, in Samples 1 and 2. Both exciton peaks in Sample

1 are red-shifted compared to the corresponding peaks in Sample 2. This can be

attributed to a number of reasons, all of which ultimately stem from differences in

sample growth and preparation.

The most probable reason we observe lower-energy peaks in Sample 1 is due to a differ-

ence in sample-substrate interaction, which arises from differences in sample growth

mechanisms. The CVD and ME sample preparation techniques are fundamentally
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different: CVD builds samples in a “molecule-by-molecule” fashion, whereas ME rips

samples off their bulk crystal counterparts. In CVD, the crystal structure of the

monolayer sample of MoS2 depends on the crystal structure of the substrate it is

grown on. In contrast, samples prepared via ME are simply placed atop a substrate.

The molecules in monolayer MoS2 are therefore closer-bound to the substrate when

prepared via CVD as opposed to ME.

Sample-substrate interaction may also play a role, and is dependent on the substrate

itself. In the investigation presented in this section, the substrate oxide layer thickness

varies between Samples 1 and 2; the oxide layer is ∼ 90 nm thick in Sample 1, and

∼ 300 nm thick in Sample 2. This difference affects the thin-film interference observed

under an optical microscope, so likely also plays some role in the excitonic properties

observed.

Although sample-substrate interaction plays a key role in the excitonic properties of

monolayer MoS2, the evident red-shift in Sample 1 may also be attributed to the

presence of more defects in comparison to Sample 2; red-shifted peaks tend to be

indicative of greater defect density. Due to the “rushed” timescale of CVD growth in

comparison to bulk crystal formation in nature, the CVD-grown sample likely contains

a higher number defects, such as sulfur vacancies, than the mechanically exfoliated

sample. Further evidence in support of the presence of greater defect density in

Sample 1 is observed in the spectral widths of the excitonic peaks (∆EA and ∆EA−).

Both the Exciton A and Trion A− peaks in Sample 1 are significantly more broad than

the corresponding peaks in Sample 2. Again, this broadening tends to be indicative

of higher defect density. In addition to the broadening of the excitonic peaks present
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in Sample 1, a larger relative Trion A− intensity is observed in Sample 1 than in

Sample 2. The presence of trions is attributed to charge-trapping defect states; thus,

we see even more evidence of a greater defect density present in Sample 1 compared

with Sample 2.

Based on these results, it is clear that excitonic properties are heavily influenced by

sample preparation method. We also find evidence indicating that CVD growth gives

rise to greater defect density than ME. This evidence supports the ME process in its

ability to prepare more pristine samples than would be possible with CVD.

4.4.3 Influence of Localized Folds and Tears

During the ME and transfer process, there is a possibility that 2D samples will be

folded or torn. We investigate the influence of localized folds and tears on excitonic

transitions in monolayer MoS2. Figure 4.9 shows schematics of folding and tearing.

2D MoS2

Fold

SiO2

Si

2D MoS2

Tear

(a) (b)

SiO2

Si

Figure 4.9: Schematics of the structure of localized folds (a) and tears (b).

Figure 4.10 compares two regions, A and B, on Sample 6; no localized folds are present

for region A, whereas localized folds are present for region B. These folds can be seen
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on the OM image of Sample 6, provided in Figure 4.10(a); they appear as darker

lines, and tend to be located near sample edges.

Spectral Data Exciton A Trion A- Fitted Curve
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Figure 4.10: Comparison of the excitonic response of monolayer MoS2 for regions
without (A) and with (B) localized folds in Sample 6. OM image of
Sample 6 shown in (a); PL map show in (b). Spectral data for regions
A and B shown in (c) and (d), respectively; data (blue) are fit using
Equation 4.1 and converted to energy via Equation 4.2. The total fit is
plotted in purple; Exciton A is plotted in green; Trion A− is plotted in
yellow.

As seen in the PL map shown in Figure 4.10(b), regions consistent with fold location

have a brighter integrated PL than regions without folds. This can be attributed to
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one, or both, of two possible reasons. First, the folds could be creating “suspended”-

like 2D MoS2 structures. This would be consistent with reported results of suspended

MoS2 having an observed increase in PL intensity compared to on substrate [8].

Second, localized induced strain could be causing this increase in PL [113].

Spectra from regions A and B are extracted for further analysis of excitonic properties,

and are shown in Figures 4.10(c) and (d), respectively. Spectra are fit to Equation

4.1, then mapped to energy space via Equation 4.2. Characteristics of the Exciton A

and Trion A− (as explained in Section 2.7.2) are provided in Table 4.3.

IA
(A.U.)

EA

(eV)
∆EA

(meV)
IA−

(A.U.)
EA−

(eV)

∆EA−

(meV)

Region A
0.92±
0.09

1.887±
0.006

89± 9
0.17±
0.09

1.84±
0.01

52± 30

Region B
0.91±
0.06

1.895±
0.002

67± 6
0.23±
0.06

1.848±
0.008

61± 20

Table 4.3: Calculated exciton characteristics for regions without (A) and with
(B) folds in Sample 6. IA, EA, and ∆EA correspond to the normalized
intensity, peak energy, and FWHM of Exciton A, respectively; IA− ,
EA− , and ∆EA− correspond to the normalized intensity, peak energy,
and FWHM of Trion A−, respectively.

We observe consistent Exciton A and Trion A− peak locations (EA and EA−) and rel-

ative intensities between regions A and B. The widths of the Trion A− peaks (∆EA−)

also agree within their uncertainty, but it should be noted that the uncertainty in

these values is high. The width of the Exciton A peak (∆EA) is significantly broader

for region A than it is for region B. This provides evidence for substrate-induced

spectral broadening in MoS2, or perhaps even strain-induced spectral narrowing.
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In addition to investigating localized folds, we study the influence of localized tears.

Figure 4.11 compares two regions, A and B, on Sample 7; localized tears are present

for region A, whereas localized tears are not present for region B. It should be noted

that Sample 7 was also selected as the first candidate for measurements of electri-

cal properties, based on its rectangular shape in its upper region. It was processed

for electrical studies by the addition of gold leads via electron beam lithography.

This process involved heat treatment and spin-coating of Polymethyl Methacrylate

(PMMA), both of which are expected to fundamentally alter sample properties. De-

tails on this sample processing and preliminary electrical measurements are presented

in Kurt Tyson’s MSc thesis [109]. The effects of this processing method on excitonic

properties are illustrated in Figure 4.11.

OM images of Sample 7, before and after processing, are shown in Figures 4.11(a) and

(e), respectively. Localized tears can be seen in both OM images in region A. Regions

consistent with tear locations appear brighter in the PL map before processing (Figure

4.11(c)), but darker in the PL map after processing (Figure 4.11(f). This is attributed

to the processing method.

Before processing, brighter PL can be attributed to either the creation of “suspended”-

like, overlapping 2D MoS2 structures [8] or induced strain effects [113]—or a combi-

nation of the two. After processing, the torn regions have a lower-intensity integrated

PL, which we attribute to the processing regime. Since processing requires the spin-

coating of PMMA onto the sample (for subsequent etching of gold leads via electron

beam lithography), it is likely that the torn MoS2 regions are flattened down, altering

their structural and strain properties.
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Figure 4.11: Comparison of the excitonic response of monolayer MoS2 for regions with
(A) and without (B) localized tears in Sample 7, before (left column)
and after (right column) processing. OM images of Sample 7 shown in
(a) and (d); PL maps show in (b) and (f). Spectral data shown in (c),
(d), (g), and (h); data (blue) are fit using Equation 4.1 and converted
to energy via Equation 4.2. The total fit is plotted in purple; Exciton A
is plotted in green; Trion A− is plotted in yellow.

Spectra from regions A and B are extracted for further analysis of excitonic properties

before and after processing; they are provided in Figures 4.11(c), (d), (g), and (h).

Spectra are fit to Equation 4.1, then mapped to energy space via Equation 4.2.
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Characteristics of the Exciton A and Trion A− (as explained in Section 2.7.2) are

provided in Table 4.4.

IA
(A.U.)

EA

(eV)
∆EA

(meV)
IA−

(A.U.)
EA−

(eV)

∆EA−

(meV)

Region A
(Before

Processing)

0.93±
0.03

1.8955±
0.0006

52± 2
0.15±
0.03

1.848±
0.006

80± 10

Region B
(Before

Processing)

0.85±
0.09

1.884±
0.006

95± 9
0.21±
0.09

1.83±
0.01

70± 20

Region A
(After

Processing)

0.97±
0.03

1.898±
0.001

76± 3
0.12±
0.03

1.842±
0.005

52± 20

Region B
(After

Processing)

0.96±
0.04

1.901±
0.002

71± 2
0.14±
0.03

1.845±
0.005

63± 20

Table 4.4: Calculated exciton characteristics for regions with (A) and without
(B) tears in Sample 7, before and after processing. IA, EA, and ∆EA

correspond to the normalized intensity, peak energy, and FWHM of
Exciton A, respectively; IA− , EA− , and ∆EA− correspond to the nor-
malized intensity, peak energy, and FWHM of Trion A−, respectively.

When comparing regions A and B (before processing, and after processing) we observe

consistent peak locations (EA and EA−) and relative intensities (IA and IA−). The

widths of the Trion A− peaks (∆EA−) also agree within their uncertainty, but it should

be noted that the uncertainty in these values is high. The width of the Exciton A peak

(∆EA) is broader for region B than it is for region A before processing, whereas it

does not appear broader or narrower after processing. Broadening in region B before

processing may be attributed to edge-effects, induced strain, or weak interactions

between the overlapping layers.
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We also compare region A before and after processing, as well as region B before and

after processing. Again, we observe consistent relative peak intensities for Exciton A

(EA) and Trion A− (EA−). There is indication of a slight shift in Exciton A towards

higher energies after processing in both regions A and B, but no evident shift for

Trion A−. Broadening in the width of Exciton A (∆EA) is observed after processing

in region A, whereas a narrowing in width of Exciton A is observed after processing

in region B; both of which can likely be attributed to changes in sample properties

from processing. We do not observe a difference between the Trion A− peak widths

(∆EA−) before and after processing in region A or B.

Based on the results presented in this section, it is clear that excitonic properties are

influenced by localized folding and tearing of the material. Worthwhile to note is

the increase in PL that may be attributed to “suspended”-like structures, localized

strain, or a combination of the two. Further investigation into localized folds and tears

should be undertaken, to form a better understanding of their associated underlying

excitonic properties.

4.4.4 Influence of Sample Isolation

We are ultimately interested in understanding the intrinsic properties of 2D MoS2.

Sections 4.4.1, 4.4.2, and 4.4.3 illustrate ways in which excitonic properties in mono-

layer MoS2 are influenced. It thus becomes apparent that sample isolation is an

important consideration for probing the intrinsic excitonic response of 2D materials.

Samples are isolated from the Si/SiO2 substrates with hBN (where the benefits of
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hBN isolation are explained in Section 2.5.1). We investigate the excitonic response in

regions of monolayer MoS2 that are (A) on a bare Si/SiO2 substrate, not encapsulated;

(B) sitting on a flake of hBN; and (C) sandwiched between two flakes of hBN, fully

encapsulated. Figure 4.12 compares these three regimes.
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Figure 4.12: Comparison of the excitonic response of monolayer MoS2 for regions
of samples that are not encapsulated (A), sitting on hBN (B), and fully
encapsulated by hBN (C). Sample 8 (left column) includes regions A and
B; sample 4 (right column) includes region C. OM images of Samples
8 and 4 shown in (a) and (e), respectively, where hBN appears blue
in colour. PL maps show in (b) and (f), respectively. Region-specific
spectral data shown in (c), (d), and (g); data (blue) are fit using Equation
4.1, then converted to energy via Equation 4.2. The total fit is plotted
in purple; Exciton A is plotted in green; Trion A− is plotted in yellow.

We first observe brighter integrated PL in region A compared to region B in Figure

4.12. This is likely attributed to the noticeably larger Trion A− peak in region A.

However, it is also possible that Region A is somewhat suspended over its Si/SiO2

substrate, causing its brighter integrated PL [8]. It is also possible that there is
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induced strain in the region of the flake hanging over the edge of the hBN it sits

on [113].

Excitonic properties between regions A, B, and C are further compared by fitting these

spectra to Equation 4.1. Fit parameters are provided in Table 4.5. As explained in

Section 4.4.1, the discrepancy at higher energies between the fit (purple) and data

(blue) is due to exclusion of spectral data below 650 nm (or energies > 1.907 eV),

from the tail of the higher-energy Exciton B when fitting.

IA
(A.U.)

EA

(eV)
∆EA

(meV)
IA−

(A.U.)
EA−

(eV)

∆EA−

(meV)

Region A
0.73±
0.09

1.895±
0.001

61± 9
0.44±
0.06

1.853±
0.005

89± 10

Region B 0.8± 0.1
1.896±
0.002

41± 6 0.3± 0.1
1.87±
0.02

71± 10

Region C
0.94±
0.06

1.894±
0.0009

43± 3
0.14±
0.05

1.86±
0.01

72± 20

Table 4.5: Calculated exciton characteristics for regions A (no hBN-
encapsulation), B (atop hBN), and C (full hBN-encapsulation).
IA, EA, and ∆EA correspond to the normalized intensity, peak
energy, and FWHM of Exciton A, respectively; IA− , EA− , and ∆EA−

correspond to the normalized intensity, peak energy, and FWHM of
Trion A−, respectively.

In Table 4.5, we observe consistent peak locations for both Exciton A (EA) and

Trion A− (EA−) across regions A, B, and C. The relative intensities of the Exciton

A peaks (IA) increase from Region A to C, whereas the relative intensities for the

Trion A− peaks (IA−) decrease. It should be noted that there is potential indication

of a continuous (i.e., from regions A to B to C) increase in IA and decrease in IA− .

However, due to the larger uncertainties associated with these values for region B,
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further investigation is required. The observed trend in peak intensities for both

Exciton A and Trion A− are indicative of fewer charge-trapping relaxation pathways

for increasing sample isolation (from the Si/SiO2 substrate and air) via hBN. This

provides evidence that hBN-encapsulation may be capable of providing the platform

necessary to probe intrinsic properties of 2D MoS2.

In addition to the trends in relative peak intensities, we observe a decrease in the width

of Exciton A (∆EA) for both MoS2 atop hBN (region B) and MoS2 encapsulated by

hBN (region C) in comparison to MoS2 atop bare Si/SiO2 substrate (region C). This

trend may also be present in the width of Trion A− (∆EA−); however, the large

uncertainty present requires further investigation. The observed trend in Exciton A

is indicative of fewer broadening effects, which we also attribute to increased isolation

from regions A to C.

The results presented in this section provide evidence in support of sample isolation

via hBN encapsulation. Further probing the intrinsic excitonic properties of samples

isolated in various ways is one possible future research direction, including studies

performed at low temperature (4 K).

The results presented in this chapter demonstrate PL mapping as a key characteri-

zation method of 2D MoS2. Our PL mapping protocol is capable of: (1) identifying

the number of layers present in a sample; (2) understanding the influence of sample

preparation; (3) investigating the influence of induced strain from localized folding

and tearing; and (4) probing the influence of sample isolation.



Chapter 5

Ultrafast Exciton Dynamics in 2D

MoS2

5.1 Summary

This chapter reports on the probing of exciton dynamics in monolayer MoS2. Neces-

sary additions to our experimental system are explained, and preliminary measure-

ments of exciton lifetimes in monolayer MoS2 are presented.

The optical setup and measurement techniques presented in this chapter were based

on those of previous group members—Mark Wilson [104], Tam Nhan [105], Yee-Fang

Xiao [106, 107], and Mitchell Anderson [108]—used to probe ultrafast dynamics in

carbon nanotubes. Thomas Faour and I implemented the required additions to our

optical setup, with assistance from James Godfrey.

73
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5.2 Experimental Setup

The experimental setup used to probe the ultrafast exciton dynamics in 2D MoS2 is

shown in Figure 5.1. This setup builds upon that used for photoluminescence (PL)

mapping (see Figure 4.1 in Section 4.2). Major additions to the setup include a pulsed

excitation source and a delay module, which were implemented by Thomas Faour

and myself, with assistance from James Godfrey. A power dependence module was

also incorporated into the setup by Jakob Vorlaufer, an exchange student under my

supervision, for pump power dependence investigations. Modifications to the system

for ultrafast exciton dynamic measurements are described in this section; details on

all other system components are provided in Chapter 4.
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Figure 5.1: Schematic of the overall experimental setup used for measuring ultrafast
exciton dynamics in 2D MoS2. AI: alignment iris; BS: beam splitter;
SF: spectral filter; FM: flip mirror. This system is capable of operation
in white light or spectral imaging modes. It is also capable of quickly
switching between excitation by a continuous light source (used for PL
mapping and fast routine alignment) and a pulsed light source.
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5.2.1 Pulsed Excitation Source

To probe the underlying exciton dynamics in MoS2 nanosheets, an excitation source

that is capable of producing ultrashort pulses of light (on the order of ∼ 150 fs

duration) is required. To achieve ultrashort pulses with photon energies that are above

the bandgap of MoS2, a system of oscillators is employed as the pulsed excitation

source. This system consists of an optical parametric oscillator (OPO) pumped by

a mode-locked (ML) Ti:Sapphire oscillator (Coherent Mira 900-F), which in turn is

pumped by a low-noise single-mode 532 nm pump laser (Coherent Verdi V18).

The 532 nm output beam from the Verdi V18 is used to pump the Ti:Sapphire

(Titanium-doped Sapphire (Al2O3)) crystal within the Mira 900-F. The Ti:Sapphire

crystal is housed in a resonant cavity formed by broadband dielectric mirrors and a

slightly transmissive output coupler, allowing for the build-up of sufficient intensity

for lasing. Ti:Sapphire on its own can amplify light in the range of 680–1100 nm;

however, the wavelength range is restricted further by the broadband dielectric mirrors

in the laser cavity, the cavity length, and by a birefringent filter (BRF). In practice,

our Mira 900-F is capable of emitting light that is tunable from about 730–900 nm.

The Mira 900-F can be operated in both CW and ML modes. For the purposes of

this work, stable mode-locking operation of the Mira 900-F is required to adequately

pump the OPO.

Ultrashort pulses of light (on the order of ∼ 150 fs) from the Mira 900-F are achieved

through passive mode-locking via the optical Kerr effect; this effect is also responsible

for the all-optical switching presented in Part II of this thesis. Passive mode-locking

in the Mira 900-F requires a “starter” which adds time-dependent noise to the existing
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CW lasing within the cavity. This “starter” is a glass block which is mechanically

shaken to vary the time-dependent intensity of the CW beam, as it travels through

the cavity. This results in a time dependent intensity profile of the CW beam which

contains high-intensity “spikes”. Kerr-Lens mode-locking (a nonlinear optical effect

that occurs in the Ti:Sapphire lasing medium itself) is then exploited to introduce

selective loss of the less intense CW beam, relative to the high-intensity spikes. This

process exploits the intensity-dependence of self-focussing within the Kerr medium

(the Ti:Sapphire lasing medium), to spatially distinguish the ML beam from the CW

beam. The result from this process, at the output coupler of the Mira 900-F, is a

larger-diameter CW beam compared to the ML beam. A physical slit is then used

to introduce selective loss to the CW beam so that the Mira 900-F enters stable

mode-locking. A prism pair within the laser cavity provides the required dispersion

compensation for pulses that are sub-picosecond in duration, and can also be used to

tune the output pulse duration.

To achieve sufficiently high output powers at the desired visible wavelength (590 nm)

from the OPO, the Mira 900-F is tuned to a centre wavelength of 832 nm, with a

spectral FWHM of 8 nm. The cavity of the OPO can be operated in two different

modes: (1) linear cavity mode and (2) ring cavity mode. In linear cavity mode, a

nonlinear, periodically-poled (PP) crystal undergoes parametric downconversion in

the presence of a pulsed pump beam of high enough intensity (the Mira 900-F). The

ring cavity mode makes use of the same nonlinear PP crystal as in the linear cavity

mode, and adds a second nonlinear crystal that upconverts the signal output from

the nonlinear PP crystal through second harmonic generation (SHG).
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The OPO is synchronously pumped, meaning a precise match of the pump pulse rep-

etition rate and the round-trip frequency of the OPO resonator is required. Thomas

Faour routinely ensured that the OPO cavity length remained tuned to the correct

distance between pulses for our experimental requirements. We operate the OPO at

590 nm with a spectral FWHM of 4 nm.

In addition to the pulses desired for generating excitons in 2D MoS2, there is undesired

spectral content at the OPO output coupler. This undesired spectral content consists

of up-converted light from the Mira 900-F beam (at 415 nm) and light in the spectral

range of PL from our samples. We therefore spectrally filter the output from the

OPO using a shortpass filter to minimize background light.

After the OPO output is spectrally filtered, a glass slide is used to pick-off a portion

of the pulsed beam for spectral monitoring and active feedback of the OPO cavity. A

Wavescan spectrometer monitors the spectral output from the OPO. It also stabilizes

the cavity length of the OPO, via active-feedback control of a piezoelectric transducer

mounted on the end mirror of the OPO cavity. This allows for long-term, stable

operation of the OPO, which is crucial for probing the exciton dynamics of 2D MoS2.

5.2.2 Ultrafast Delay Module

We measure ultrafast exciton dynamics in monolayer MoS2 using femtosecond excita-

tion correlation (FEC), as described in Section 2.8.2. FEC requires control over the

temporal delay between two successive pump pulses at the sample, which is achieved

by an interferometer that consists of a static reference arm, and a variable delay arm.
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In the ultrafast delay module, a non-polarizing beamsplitter (BS) cube is used to

split a single pulse from the OPO into two pulses. One pulse travels through an

unchanged path length along the reference arm; the other pulse travels through a

variable path length along the delay line. Control over the variable path length is

achieved by placing a retroreflector on a 1D linear actuator stage (Myostat Cool

Muscle CM1-C-17L30A). Automated control of the 1D linear actuator stage was

implemented by Thomas Faour. The range of motion of the delay line allows for

a tuneable delay, between the split pulses, from 0–2 ns. Pulse duration sets the

limit on the temporal resolution of our ultrafast FEC system at about 300 fs. After

travelling along the reference and delay arms, the two pulses are then recombined,

with a temporal separation td, by a second non-polarizing BS cube.

Rough alignment of the interferometer requires that the path length along the ref-

erence and delay arms be approximately the same; we use a piece of string to map

out the path length of the reference arm and confirm that the path length of the

delay arm is the same, to within about 1 cm. For FEC measurements, the zero-delay

(td = 0 ps) position of the retroreflector on the 1D linear actuator stage must be

known, to within our 300 fs temporal resolution limit. The zero-delay position must

therefore be known to within 0.1 mm along the 1D linear actuator stage.

To determine the zero-delay position, the retroreflector is slowly scanned through the

estimated position of zero-delay (as determined by the piece of string). We spectrally-

resolve the recombined pulses as the retroreflector is scanned, measuring the spectral

interference of the delayed pulses with the EMCCD. Examples of the observed spectral

interference about td = 0 ps are shown in Figure 5.2. As td = 0 ps is approached—from
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either positive or negative delay—the number of observed spectral fringes decreases.

Likewise, the number of fringes increases for increasingly larger values of td = 0. This

can be seen in the spectra taken for td < 0 and td > 0: the number of fringes observed

in the positive delay case is larger than the number of fringes observed in the negative

delay case, implying that the magnitude of td is smaller for the negative delay case

shown in Figure 5.2. In the case of approximately zero delay, a single spectral fringe

is observed, as seen in the td ≈ 0 case in Figure 5.2.

  

t
d
 < 0

t
d
 ≈ 0

t
d
 > 0

Figure 5.2: Spectral Interference of the temporally-delayed pump pulses is monitored
as the delay arm is scanned through the estimated zero-delay position. A
greater number of fringes are observed for larger delay, whereas a single
fringe is observed for approximately zero delay (as observed in the spec-
trum on the right). Figure generated by, and used with permission from,
Thomas Faour [112].
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5.2.3 Power Dependence Module

The FEC method we use to measure exciton relaxation dynamics in monolayer MoS2

requires a nonlinear dependence of PL on pump power. Before measuring the exciton

relaxation dynamics in a given sample, we must first confirm a nonlinear dependency

of its PL response on incident pump power.

Jakob Vorlaufer, a student under my supervision, automated the process we use

to collect pump-power-dependent PL measurements. Pump power at the sample is

controlled by the rotation of a variable ND filter wheel (Thorlabs NDC-100C-4M)

mounted on a stepper motor. The pump beam transmitted through the ND filter

wheel is picked off by a glass slide and directed towards a power meter (Thorlabs

S130C) connected to a power readout console (Thorlabs PM100D).

The motorized ND filter wheel and power readout console are connected to the com-

puter, where a Python program (written by Jakob Vorlaufer) is continuously fed the

power reading. The program relies on active-feedback to continuously adjust the

stepper motor connected to the ND filter wheel so that the power reading remains at

a desired level. The active-feedback control via Python is integrated into the main

LabVIEW control system (designed and implemented by Thomas Faour) used for all

other interfacing and data acquisition.

It should be noted that the use of a glass slide pick off requires knowledge of the

ratio between measured power at the sample and at the pick-off, when collecting

pump-power-dependent PL. This ratio is measured using the power meter, and used

in subsequent data processing.
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5.3 Ultrafast Exciton Dynamics

The system described in Section 5.2 is employed to measure the ultrafast dynamics in

monolayer MoS2. Thomas Faour and I contributed equally to bringing the system to

its working state such that initial ultrafast exciton dynamics in monolayer MoS2 could

be studied. This section presents initial exciton lifetime measurements for Sample 2,

which was selected for its bright PL response and small relative trion activity. It

should be noted that a more detailed analysis, that includes comparison to a model,

is provided in Thomas Faour’s MSc thesis [112]. This work paves the way for many

future studies of exciton recombination lifetimes in 2D materials—not just limited to

MoS2.

5.3.1 Pump-Power Dependence of Monolayer MoS2

As outlined in Section 2.8, a nonlinear pump-power dependence is required for the

femtosecond excitation correlation spectroscopy (FEC) technique that we employ to

measure exciton dynamics in 2D MoS2. Using the pump-power dependence module

described in Section 5.2.3, we measure the PL response for increasing incident pump

powers at the sample. The nonlinear pump-power dependence of the PL response in

Sample 2 is shown in Figure 5.3. We attribute the observed nonlinear trend to defect-

assisted non-radiative decay mechanisms, which are believed to arise from Auger-like

processes [9]. The nonlinear response is fit to Equation 5.1:

PL(x) = AxB. (5.1)
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Figure 5.3: Nonlinear PL response to incident pump-power in Sample 2. Data are fit
to Equation 5.1; the fit is plotted in blue. Figure generated by, and used
with permission from, Thomas Faour.

Calculated fit parameters are provided in Table 5.1. PL from monolayer MoS2 is

observed to follow an x0.80 increase with pump power. Note that a linear regime

would follow an x1 increase.

Fit Parameter Value Standard Error

A [µW−B] 3.0× 104 2× 103

B [unitless] 0.80 0.01

Table 5.1: Fit parameters for the nonlinear PL pump-power dependence observed
in Sample 2. Data from Figure 5.3 are fit to Equation 5.1. Fit per-
formed by Thomas Faour.
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The observed deviation from a linear response allows us to probe the exciton relax-

ation lifetimes using FEC. As described in Section 2.8, a nonlinear PL pump power

dependence indicates the presence of nonlinear exciton recombination pathways. Such

pathways are generally due to exciton-exciton interactions, which can cause annihi-

lations. Exciton-exciton annihilation can occur through non-radiative recombination

mechanisms, such as Auger scattering. The nonlinear pump power dependence implies

that larger exciton densities will give rise to a greater number of these exciton-exciton

interactions, so we expect to observe a larger PL response for increasing pump pulse

delay in FEC measurements.

5.3.2 Femtosecond Excitation Correlation Spectroscopy (FEC)

of Monolayer MoS2

The FEC spectroscopic technique described in Section 2.8.2 is implemented using

the experimental setup previously outlined in this chapter. The power dependence

module is set to stabilize at 600 µW at the sample; this is associated with about 300

µW average power in both arms of the ultrafast delay module. This power ensures

we are operating in the required nonlinear pump power dependence regime.

Figure 5.4 shows the collected FEC response, which consists of integrated PL spectra

for increasing delay between optical pulses. We observe a sharp increase in the PL

response between 1–20 ps delay, after which a levelling-off is observed. This indicates

that fewer exciton-exciton annihilations occur for increasing temporal delay, providing

insight into the lifetimes associated with injected carriers.
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Figure 5.4: FEC response in Sample 2. Figure generated by, and used with permission
from, Thomas Faour.

Figure 5.5 plots the FEC response on a logarithmic scale, to better observe the dy-

namics as a whole. The data presented in Figure 5.5 are fit to Equation 5.2:

FEC(td) = C−A e
−td
τ1 −B e

−td
τ2 . (5.2)

This is a very simple approach to understanding FEC and extracting exciton lifetimes.

A more detailed analysis can be found in Thomas Faour’s thesis [112]. Calculated

fit parameters are provided in Table 5.2. The fit parameters τ1 and τ2 provide

measurements of two exciton decay lifetimes: 14.78 ± 1.94 ps and 0.99 ± 0.18 ps,

respectively. These lifetimes are situated within values reported in the literature, as

discussed in Section 2.8. The ratio between the maximum and minimum values in the
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Figure 5.5: Fitted FEC response in Sample 2. Data are fit to Equation 5.2; the fit
is plotted in blue. Figure generated by, and used with permission from,
Thomas Faour.

Fit Parameter Value Standard Error

A (photons/pulse) 3.69× 10−4 2.95× 10−5

B (photons/pulse) 3.41× 10−4 2.64× 10−5

C (photons/pulse) 5.11× 10−3 5.36× 10−6

τ1 (ps) 14.78 1.94

τ2 (ps) 0.99 0.18

Table 5.2: Fit parameters for the observed FEC response in Sample 2. Data from
Figure 5.5 is fit to Equation 5.2. Fit performed by Thomas Faour.

FEC curve is smaller than that expected from the pump-power dependence response.

We attribute this to the presence of one or more lifetimes that are longer than our
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current measurement capabilities, which is consistent with other findings [8, 9].

Although we are unable to state the exact exciton relaxation mechanisms associated

with these two lifetimes, our FEC results show that these lifetimes are associated with

density-dependent carrier interactions. Our results from FEC imply that excitons

interact with other excitons (and perhaps also with electrons) in this system, and

that there are more of these interactions for greater injected carrier density. As

these interactions generally give rise to exciton annihilations, they are associated

with non-linear recombination mechanisms, such as Auger scattering. Non-linear

decay mechanisms are not ideal for applications, such as on-chip light-emitters, which

require high PL quantum yield (PLQY). Thus, there is a need to better understand

these interactions so that they may be mitigated.

This demonstration of our ability to measure ultrafast excitonic decay lifetimes in

monolayer MoS2, due to density-dependent carrier interactions, paves the way for fu-

ture work towards better understanding such mechanisms. Along with sample prepa-

ration, identification, and PL mapping, this is a major milestone in the path to better

understanding 2D material systems.



Chapter 6

Conclusions and Future Work

6.1 Summary of Work

We have developed an experimental framework for probing the response of 2D MoS2

to photoexcitation. In doing so, we uncovered information about the characteristics

of 2D MoS2 and how it is influenced by its environment. Further, we developed the

capabilities necessary for probing ultrafast excitonic dynamics in 2D systems, and

report initial lifetime measurements that are consistent with the literature.

Sample fabrication is capable of micron precision placement of exfoliated 2D materials;

a demonstrably useful attribute in the fabrication of MoS2 heterostructures that are

encapsulated by, or sitting on, hBN. This technique was optimized, in collaboration

with Kurt Tyson, to provide high yield of few- and single-layer MoS2 samples.

Alongside fellow group members Thomas Faour and James Godfrey, I built an optical
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setup to probe the excitonic response in various samples of 2D MoS2. The measured

excitonic response allowed for: (1) the identification of number of layers present; (2)

measuring the influence of sample preparation technique; (3) investigate the excitonic

response of induced strain 2D MoS2 with localized folding and tearing; and (4) probing

the influence of sample isolation.

We demonstrated that spatially-resolved photoluminescence (PL) is capable of pro-

viding clear indication of monolayer regions in 2D MoS2 samples. In addition to this,

we found evidence in support of mechanical exfoliation as a better method for prepar-

ing samples with lower density of defects than chemical vapour deposition (CVD). We

also saw an increase in PL intensity for regions of localized tears and folds, indicating

possible strain effects or suspending of material at these structures. Lastly, we found

evidence of fewer charge-trapping mechanisms in hBN-encapsulated MoS2, indicating

that hBN encapsulation is a viable method for sample isolation. Taken together, our

results demonstrate PL mapping as a crucial addition to the characterization toolbox

for 2D materials.

We further explored the excitonic properties in 2D MoS2 by probing their ultrafast

exciton dynamics via femtosecond excitation correlation (FEC) spectroscopy. Prelim-

inary measurements of exciton lifetimes were taken, the values of which were consis-

tent with previous literature. This demonstrates the potential, of our FEC technique,

to uncover key insights about photoexcitation mechanisms in 2D materials.

All components of this work—sample preparation and identification, PL mapping of

excitonic transitions, and preliminary ultrafast exciton relaxation measurements—are

major milestones in our research effort towards better understanding the underlying
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properties in 2D materials. This work paves the way for future research directions

for the probing and exploitation of 2D material systems.

6.2 Applications and Future Work

Our work contributes to research efforts aimed at better understanding the excitonic

properties of 2D MoS2. This is crucial for applications in a wide range of low-cost

optoelectronic devices, including photodetectors, light-emitting diodes (LEDs), flex-

ible devices, and recently, lasers [4]. In addition to these applications, 2D materials

also hold promise for integrated on-chip photonics. Given their nanoscale size and

the ease with which they can be integrated into silicon devices, they are excellent

candidates for on-chip light emitters or receivers.

Another application, that is of particular interest to our collaborators, is an MoS2

field-effect transistor (FET) device [92]. Kurt Tyson has already demonstrated the

ability to fabricate 2D samples with attached gold leads, in which a field effect could

be used to change carrier concentration. Preliminary results are promising [109];

however, they indicate a strong requirement for samples with increased efficiency,

opening a possible direction for future research. Some reports have demonstrated

an increase in PL quantum efficiency after chemical treatment [90] or electrostatic

doping [91], which would be interesting avenues to explore.

2D MoS2 also holds potential for applications in nanoscale optomechanical devices.

One such device consists of a 2D material membrane suspended over a hole, where

the material is excited optically to stimulate mechanical motion. Aside from the need
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to explore this optomechanical response, there are a number of possible uses for such

a device; in particular, a nanoscale “power meter” that consists of a 2D membrane

attached to a nanoscale spring. The force of an optical beam on the 2D membrane

would drive oscillation on the spring, which could then be measured to determine the

optical power of the incident beam.

There are evidently many possible applications of 2D materials, making it a rich field

of study. In addition to the avenues of future work defined by these applications,

there are also a number of remaining near- and long-term research goals. One of

our near-term goals, currently being pursued by Thomas Faour, is to model the

anticipated FEC response in 2D MoS2 and compare to results. This will allow us

to better understand the underlying decay mechanisms in our samples. Another

near-term goal includes utilizing the existing FEC spectroscopy system to measure

the excitonic lifetimes in all current samples (and other future samples fabricated by

Kurt Tyson). Lastly, FEC could be used to explore the dynamics of specific exciton

peaks in 2D MoS2 through de-convolution of the PL response into its various exciton

peaks.

Kurt, Thomas, and I undertook this project as the first collaborative research effort

of the new CFI Nanophotonics Research Centre at Queen’s University. In the long-

term, we hope our work promotes further collaborative efforts that continue to push

the frontiers of nanophotonics research.



Part II

All-Optical Switching in Fiber
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Chapter 7

Theory

7.1 Summary

In this chapter, I present the theory underpinning our optical Kerr switch, including

how we broaden the spectrum of the switched light. This theory sets the limitations

of our experimental setup, data collection, and data processing; it also provides us

with the ability to model our anticipated switching response for comparison with

our measured switching response. In comparing our modelled response to our mea-

sured response, we can verify that our switch is operating as predicted by the theory

presented in this chapter.
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7.2 Optical Kerr Effect

The ultrafast all-optical switch demonstrated in this work relies on the optical Kerr

effect: a nonlinear, intensity-dependent change in a material’s refractive index, n,

in response to an applied electric field. The optical Kerr effect is a phenomena that

arises from optical nonlinearity of the third-order
(
χ(3)
)
, which is a universal property

found in any material regardless of its spatial symmetry.

The nonlinear response of a material can be described by considering how its induced

polarization, P̃(t), depends on the strength of an applied optical field, Ẽ(t). In linear

optics, a material’s induced polarization will depend linearly on the strength of the

applied electric field:

P̃(t) = ε0χ
(1)(t)Ẽ(t), (7.1)

where ε0 is the permittivity of free space, and χ(1)(t) is referred to as the linear

susceptibility of the material. For simplicity, it is assumed that the polarization at

time t depends only on the instantaneous value of the electric field strength, and that

the medium’s response is instantaneous. This is reasonable, as the response time

of the medium explored in this work is sufficiently smaller than the timescales of

interest. When the dipoles in a material are driven by sufficiently intense laser light,

the dipole moment per unit volume (or polarization, P̃(t)) can no longer be described

by Equation 7.1. It becomes necessary to express the polarization as a power series

expansion in the electric field strength, Ẽ(t):

P̃(t) = ε0
[
χ(1)(t)Ẽ(t) + χ(2)(t)Ẽ2(t) + χ(3)(t)Ẽ3(t) + · · ·

]
, (7.2)
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where χ(2)(t) and χ(3)(t) are referred to as the second- and third-order nonlinear

susceptibilities, respectively [114]. In general, P̃(t) and Ẽ(t) are vector quantities,

while the susceptibilities, χ(n)(t), are tensors of rank n+ 1.

It is useful to represent the polarization as a sum of its linear (P̃L(t)) and nonlinear

(P̃NL(t)) contributions:

P̃(t) = P̃L(t) + P̃NL(t). (7.3)

The optical Kerr effect arises from the third-order contribution to P̃NL(t). Due to the

presence of centrosymmetry in the Kerr medium used in this work, the second-order

χ(2)(t) effect is zero, so the nonlinear polarization can be written as

P̃NL(t) = ε0χ
(3)(t)Ẽ3(t). (7.4)

Representing the electric field as a sum of plane monochromatic waves,

Ẽ(t) =
∑
i

Ei(ωi) exp(ikir− ωit) + c.c., (7.5)

the Fourier transform of P̃NL(t) can be taken, to arrive at

PNL(ω) = ε0χ
(3)(ω;ωi, ωj, ωk)E(ωi)E(ωj)E(ωk), (7.6)

where ω = ωi +ωj +ωk. It should be noted that the expressions for E(ωi), E(ωj), and

E(ωk) each include the addition of their own separate complex conjugate (c.c.). Equa-

tion 7.6 is the most general case for a third-order nonlinear process, where the tensor
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indices of χ(3) have been suppressed for simplicity. Third-order optical nonlineari-

ties provide the basis for an extensive variety of four-wave mixing processes, many of

which are used extensively in nonlinear spectroscopy, for frequency conversion of laser

radiation, and for the production of photon pair sources. The frequency-degenerate

optical Kerr-effect constitutes another class of third-order nonlinear processes, and is

of paramount importance for applications such as optical compressors, mode-locked

femtosecond lasers (as exploited in Chapters 5 and 8), and photonic devices that

make use of a high-intensity laser pulse to switch, modulate, gate, or re-route another

optical signal. In this work, we exploit the optical Kerr effect to manipulate the

polarization of an optical signal.

As shown in Figure 7.1, there are two ways in which the frequency-degenerate optical

Kerr effect can be measured, both of which rely on a strong electric field to induce a

nonlinear response in some medium. Self-phase modulation (SPM) is shown in Figure

7.1(a), where a strong electric field modulates itself. Cross-phase modulation (XPM)

is shown in Figure 7.1(b), where a strong electric field modulates a weaker electric

field. In both cases, the modulation arises from a change in the material’s refractive

index due to the strong electric field.

In the case of SPM, Equation 7.6 can be simplified to

PNL(ω) = 3ε0χ
(3)(ω;ω, ω,−ω)

∣∣E(ω)
∣∣2E(ω), (7.7)

where a degeneracy factor of 3 is included, which arises from summing over tensor

indices. For simplicity, it is assumed that the light is linearly polarized. The total
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Figure 7.1: The two ways of measuring the intensity-dependent refractive index (or
optical Kerr effect). Self-phase modulation (SPM) is depicted in (a),
where a strong beam modifies its own propagation. Cross-phase modu-
lation (XPM) is shown in (b), where a strong beam influences the prop-
agation of a weak beam. The work presented in this thesis exploits the
process shown in (b). Figure reproduced from [114].

polarization of the medium is then given by

PTOT(ω) = ε0χ
(1)E(ω) + 3ε0χ

(3)
∣∣E(ω)

∣∣2E(ω), (7.8)

where an effective susceptibility,

χeff = χ(1) + 3χ(3)
∣∣E(ω)

∣∣2, (7.9)

can be introduced to simplify the expression for total polarization. In general, a
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material’s refractive index is related to its susceptibility through

n2 = 1 + χeff. (7.10)

The value of n in Equation 7.10 can be described by the relation [114]

n = n0 + n2

〈
Ẽ2(t)

〉
, (7.11)

where the angular brackets surrounding Ẽ2(t) denote a time average quantity, n0

represents the linear refractive index, and n2 gives the strength of the nonlinear,

intensity-dependent contribution to the refractive index. If the optical field driving

the SPM process is of the form

Ẽ(t) = E(ω)e−iωt + c.c., (7.12)

The time average of the electric field can be written as

〈Ẽ(t)〉 = 2E(ω)E∗(ω) = 2
∣∣E(ω)

∣∣2. (7.13)

The expression for 〈Ẽ(t)〉 can be substituted into Equation 7.11 such that

n = n0 + 2n2

∣∣E(ω)
∣∣2. (7.14)

Equations 7.10 and 7.11 both provide expressions for n, and can be equated through

(
n0 + 2n2

∣∣E(ω)
∣∣2)2

= 1 + χ(1) + 3χ(3)
∣∣E(ω)

∣∣2. (7.15)
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When expanded, this expression shows that the linear and nonlinear susceptibilities

are related to the linear and nonlinear components of refractive index by

n0 =
(
1 + χ(1))1/2 (7.16)

and

n2 =
3χ(3)

4n0

. (7.17)

In the case of XPM, where the presence of a strong beam of frequency ω leads to a

modification of the refractive index experienced by a weak beam of frequency ω′, the

nonlinear polarization in Equation 7.6 can be simplified to

PNL(ω′) = 6ε0χ
(3)(ω′;ω′, ω,−ω)

∣∣E(ω)
∣∣2E(ω′). (7.18)

A similar approach to the one provided for SPM can be used to show that the probe

wave experiences a refractive index

n = n0 + 2n′2
∣∣E(ω)

∣∣2, (7.19)

where

n′2 =
3χ(3)

2n0

(7.20)

is the nonlinear coefficient describing cross-coupling effects; it is twice as large as

the nonlinear coefficient describing self-action effects, due to differences in process

degeneracy.

A more common way of defining the intensity-dependent refractive index that arises
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from the optical Kerr effect is

n = n0 + n2I, (7.21)

where n0 is the linear refractive index, and n2 is the nonlinear refractive index. In

this case, I denotes the time-averaged intensity of the electric field, and is given by

I = 2n0ε0c
∣∣E(ω)

∣∣2. (7.22)

The total refractive index described by Equation 7.21 must be equivalent to the

descriptions provided in Equations 7.14 and 7.19 for SPM and XPM, respectively.

This work exploits the process of XPM, where n2 is related to χ(3) by

n2 =
3

2n2
0ε0c

χ(3). (7.23)

As Equation 7.21 illustrates, a noticeable change in a material’s refractive index from

its χ(3) nonlinearity requires that the product n2I be sufficiently high. In general,

values of n2 for various materials are small; in the context of this work, the value of n2

in fused silica is on the order of 3×10−16 cm2/W. High intensities—which, in general,

are only reachable by ultrafast laser pulses focussed to a small (i.e., few micron) spot

size—are therefore a requirement in generating a noticeable optical Kerr effect. For

this reason, the Kerr medium used for all-optical switching in this work is a 10 cm

silica single mode fiber (SMF). In contrast to optical Kerr switching in a nonlinear

crystal [115], where the switching mechanism is limited to the Rayleigh range of a

focussed pump beam, operation of the optical Kerr switch in fiber allows the pump

beam to maintain a small spot size as it travels through the fiber.
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As depicted in Figure 7.1, the beam at the output of the χ(3) processes is described

by a nonlinear phase shift, φNL, in response to the induced nonlinear refractive index.

In the context of this work, both SPM and XPM processes are important to consider;

the strong pump beam modifies the refractive index in the medium, which induces

a nonlinear phase shift in both the strong pump beam and the weak probe beam by

SPM and XPM, respectively.

7.2.1 Self-Phase Modulation (SPM)

Self-phase modulation (SPM) arises from the intensity-dependent refractive index

that results from the optical Kerr effect. SPM is one method of measuring this χ(3)

process; however, in this work it is a parasitic process, the effects of which must be

minimized.

SPM is characterized by spectral broadening of the strong optical pulse which itself

induces a nonlinear refractive index. This result is due to an induced change in the

phase of the optical pulse, as shown by the nonlinear phase shift, φNL, in Figure

7.1(a). The origin of this phenomena can be understood by considering the optical

pulse whose propagation is defined by

Ẽ(z, t) = Ã(z, t)ei(k0z−ω0t) + c.c. (7.24)

through a medium which is characterized by a nonlinear refractive index

n(t) = n0 + n2I(t), (7.25)
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where the intensity is defined as I(t) = 2n0ε0c|Ã(z, t)|2, and Ã(z, t) is an amplitude

which describes the envelope wave function of the optical pulse. In this case, it

is assumed that the χ(3) response of the medium is instantaneous. The nonlinear

contribution to the refractive index, n, changes the phase of the transmitted pulse.

This phase change is defined by [114]

φNL(t) = −n2

c
I(t)ω0L. (7.26)

The spectrum of the transmitted pulse will be modified as a result of the time-

varying phase; broadening effects are especially typical of SPM. The transmitted

pulse’s spectral content can be described with the concept of the pulse’s instantaneous

frequency,

ω(t) = ω0 + δω(t), (7.27)

where δω(t) is the variation in the pulse’s instantaneous frequency. It is related to

the nonlinear phase shift through

δω(t) =
d

dt
φNL(t). (7.28)

The instantaneous frequency, ω(t), is well-defined when Ã(t) varies slowly compared

to the optical period. In this work, we assume the optical pump pulse takes the form

of a Gaussian,

I(t) = I0exp

(
− 4ln2

t2

τ 2

)
, (7.29)

where τ is the pulse’s temporal full width at half maximum (FWHM). The nonlinear
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phase shift is then given by

φNL(t) = −n2ω0L

c
I0exp

(
− 4ln2

t2

τ 2

)
, (7.30)

and the change in instantaneous frequency is therefore

δω(t) =
8ln2n2ω0L

cτ 2
I0t exp

(
− 4ln2

t2

τ 2

)
. (7.31)

It is evident that for positive n2, the leading edge of the pulse is shifted to lower

frequencies and the trailing edge is shifted to higher frequencies; δω(t) is negative

for t < 0 and δω(t) is positive for t > 0. From equation 7.31, it is anticipated that

spectral broadening due to SPM will become important when the maximum of δω

exceeds the spectral width of the incident pump pulse.

7.2.2 Cross-Phase Modulation (XPM)

Similarly to SPM, cross-phase modulation (XPM) arises from the intensity-dependent

refractive index resulting from the optical Kerr effect. However, unlike SPM, the

effects from XPM are not parasitic to this work; rather, they are vital.

XPM is the result of nonlinear optical interaction of at least two beams that are

physically distinguishable. It arises, much like SPM, from the nonlinear refractive

index induced by a strong pump pulse. However, in the case of XPM, a beam other

than the strong pump pulse is modified; though it should be noted that the pump

pulse can still modify itself via SPM, simultaneously.
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The cross-action of a strong pump pulse on a second (probe) beam gives rise to

a nonlinear phase shift, as shown in Figure 7.1(b). Similarly to SPM, the nonlinear

phase shift resulting from XPM modifies the spectrum of the probe beam; for example,

the probe beam may be spectrally broadened. A way of describing the nonlinear phase

shift for XPM—in the context of our optical switch—is presented in Section 7.3. This

nonlinear phase shift is subsequently used to model the effects of XPM, specifically

for our polarization switch, as described in Section 7.5.

In our work, a strong pump beam is required to achieve sufficient XPM. We must

therefore account for other parasitic nonlinear processes. Such parasitic nonlinear

processes include SPM (as described in Section 7.2.1), as well as stimulated Raman

scattering. In the case of stimulated Raman scattering, it is sufficient to understand

that when a high-intensity beam interacts with a material, 10% or more of the incident

beam is often converted to the Stokes frequency [114]. In both SPM and stimulated

Raman scattering, unwanted light is generated at frequencies within the anticipated

switching response’s bandwidth; as such, they must be minimized in the experimental

measurements described in Chapter 8.

7.3 Optical Kerr Switching

The optical switch demonstrated in this work exploits the optical Kerr effect to manip-

ulate the polarization of light. It requires the propagation of intense ultrafast pulses
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(commonly referred to as the pump beam) in a material with a large enough intensity-

dependent refractive index (n2), or a sufficient interaction length. As described in Sec-

tion 7.2, a high intensity pump beam induces a localized, rapidly-changing refractive

index in the material through which it propagates, along its polarization axis. This

results in a medium with a different refractive index along one of its principal axes;

in essence, the material experiences an induced localized birefringence, acting like a

waveplate where the pump beam is located. The outcome is analogous to a Pockels

cell—in which a changing electrical field is applied to stimulate birefringence in a

material, essentially turning it into a waveplate [116]—where we use light to induce

birefringence as opposed to an applied, low-frequency electric field; it is interesting

to note that the output from a Pockels cell and our all-optical switch are described

by the exact same physics!

Much like a waveplate, the localized birefringence induced by the pump beam is capa-

ble of rotating the polarization state of a second beam of lower intensity (commonly

referred to as the signal or probe beam). The intensity of the signal beam must be

significantly lower than that of the pump beam, such that we can assume it is too

weak to induce a noticeable change of the material’s refractive index on its own. In

contrast to a waveplate, the intensity and location of the pump will dictate the degree

of birefringence induced and where it is present in the Kerr medium.

In many cases, it is useful to place the Kerr medium between two crossed polarizers.

This configuration is called an Optical Kerr Shutter (OKS) [117], a schematic for

which is shown in Figure 7.2. With the addition of crossed polarizers, the transmission

of the signal beam through the second polarizer of the OKS schematic depends on
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Figure 7.2: Basic schematic of an Optical Kerr Shutter (OKS), where a Kerr medium
is placed between two crossed polarizers. Depicted here is the particular
case demonstrated in this thesis, where a pulsed pump beam is used to
induce switching in a continuous wave (CW) signal beam. The output is
a train of pulses “switched out” of the input CW beam. The cross-section
shown in the lower right corner shows the polarization of the input signal
and pump beams, relative to the polarizer axes. Maximal switching occurs
where the pump polarization is 45° relative to the signal polarization. The
cross-section shown in the upper left corner shows the polarization of the
switched output light. Figure modified from Jennifer Erskine [118].

the polarization rotation efficiency of the OKS. The efficiency of the OKS, η, is given

by [119]

η = sin2 (2θ) sin2

(
∆φ

2

)
. (7.32)

The value of η in Equation 7.32 falls between 0 (no polarization rotation) and 1

(polarization rotation to an orthogonal state). Here, θ defines the angle between the

pump and signal polarizations; the switching efficiency is maximized for θ = ±45°.
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The value of ∆φ refers to the nonlinear phase shift (introduced in Section 7.2) in

the signal, induced by the pump. For θ = 0° or 90°, a nonlinear phase shift will

still be induced, but the switching efficiency will be zero. The configuration of either

parallel or orthogonal relative polarization between the pump and signal is used in

the nonlinear optical loop mirror (NOLM) mentioned in Section 1.2. Unlike in the

NOLM, we operate with θ = −45° to achieve maximal possible switching.

The induced nonlinear phase shift in the CW signal is approximated by [119],

∆φ =
2πn2LeffI

λsignal

, (7.33)

and depends on the nonlinear refractive index, n2, the wavelength of the signal beam,

λsignal, the effective length of the Kerr medium, Leff, and the pump beam’s intensity, I.

It should be noted that this expression for the nonlinear phase shift exactly describes

the anticipated response for a continuous, constant pump intensity. This description

of the nonlinear phase shift is sufficient in outlining the general dependence of our

switch on the above parameters, but it must be extended for our case of switching

induced by a strong optical pulse.

A temporal dependence must therefore be included in the intensity profile of the pump

pulse, making the nonlinear phase shift in the signal time dependent. In addition to

this, the nonlinear phase shift in the signal will only occur locally with the pump

beam as it propagates through the Kerr medium. The localized nature of ∆φ(t), in

which the time-dependence is now explicitly written, is accounted for by summing

the pump’s contributions to the nonlinear phase shift as it travels through the Kerr

medium. The general expression for this is given by the B-integral of the pump’s
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intensity profile along the direction of its propagation through the Kerr medium. In

nonlinear optics, the B-integral is a commonly known measure of the nonlinear phase

shift of light along the optical axis of a system, and is expressed as [118]

∆φ(t) =
2πn2

λsignal

∫
I(z, t)dz. (7.34)

In Equation 7.34, z is a length parameter and I(z, t) defines the intensity profile of

the pump as it travels through the Kerr medium. To evaluate the above B-integral,

we extend our expression for the intensity profile of the pump beam by changing

to a frame that moves with the group velocity of the CW signal beam in the fiber.

In practical cases, the pump and signal will be located in different spectral regions,

leading to group velocity walk-off between the pump and signal within the Kerr

medium. Extending the expression for the B-integral in Equation 7.34 to account for

this walk-off allows us to more completely evaluate the induced nonlinear phase shift.

This extension to Equation 7.34 is written as [120]

∆φ(T ) =
2πn2

λsignal

∫ L

0

Ipump

(
T − z

∆v

)
dz, (7.35)

where z is the propagation distance of the pump through the Kerr medium of length

L. The inverse of group velocity walk-off between the pump and signal beams is

expressed in Equation 7.35 by ∆v−1 = v−1
gp − v−1

gs , where vgp and vgs are the pump

and signal group velocities, respectively. As mentioned above, Ipump is the intensity

profile of the pump beam, expressed in reduced time in a frame moving with the

signal beam’s propagation, T = t− z/vgs.

Given the time-dependence of the nonlinear phase shift in Equation 7.35, we must
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extend the definition to the switching response, initially presented in Equation 7.32,

such that it is time-dependent. The switching response is then given by

η(T ) = sin2 (2θ) sin2

(
1

2

2πn2

λsignal

∫ L

0

Ipump

(
T − z

∆v

)
dz

)
, (7.36)

which defines the temporal output profile of the switch. We operate the switch under

the condition θ = −45°, so Equation 7.36 simplifies to

η(T ) = sin2

(
1

2

2πn2

λsignal

∫ L

0

Ipump

(
T − z

∆v

)
dz

)
. (7.37)

Equation 7.37 is used in Section 7.5 to model the anticipated temporal switching

response’s shape and strength. The model can then subsequently be compared to our

measured switching response for verification purposes.

7.4 Bandwidth Expansion

As discussed in Sections 7.2.1 and 7.2.2, bandwidth expansion arises in the light

that is modulated in both self-phase modulation (SPM) and cross-phase modulation

(XPM) processes. My work exploits the bandwidth expansion from XPM. The mod-

ulated light consists of pulses of polarization-rotated light carved out from an input

continuous wave (CW) beam. We can therefore exploit the relationship between

time and frequency to demonstrate our all-optical switch—through a measurement of

bandwidth expansion in the switched spectrum, compared to the input CW spectrum.
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The product of ∆t and ∆f is often used in ultrafast laser physics to describe the

time-bandwidth product (TBP) of a pulse of light. The TBP is defined as [121]

TBP = ∆t∆f, (7.38)

where ∆t and ∆f specify the full-width at half-maximum (FWHM) in time and fre-

quency space, respectively. Transform-limited (also called bandwidth-limited) pulses

are, by definition, pulses of light that satisfy the condition for the minimum possible

TBP associated with their pulse shape. For example, the TBP of a transform-limited

Gaussian-shaped pulse is ≈ 0.44. For a given spectral width, there is a lower limit on

pulse duration; this limitation is essentially a property of the Fourier transform. The

TBP can therefore be used to determine how close a pulse is to its transform limit.

The TBP description of a pulse of light is essential for the purpose of this work. It de-

fines the trade-off between temporal duration and frequency (or spectral) bandwidth

of a pulse. In one extreme case, a continuous sinusoidal wave (i.e., a CW beam) has

a precisely determined frequency, but is spread over an infinitely long time. At the

other extreme is a delta function, where a “pulse” of light is compressed to a single

temporal point, but contains an infinite mixture of frequencies.

The characteristic measurement in this work sits between these two extreme cases.

Experimentally, we carve out ultrashort pulses of polarization-rotated light from a

CW laser beam. To measure these pulses of polarization-rotated (switched) light in

comparison to the original CW beam, we exploit the TBP relationship between time

and frequency bandwidth and measure the spectral profile of the switched light. In

comparison to the narrow spectral profile anticipated by the TBP for our input CW
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light, we can expect to see an increase in spectral (frequency) bandwidth for the

switched ultrashort pulses of light—the results for which are show in Chapter 8.

It should be noted that our switch is not operated under the condition of transform-

limited pump pulses. This does not change the prediction of bandwidth expansion

in the switch’s spectral response compared to the input signal spectrum; but it does

have important consequences when defining our switch’s speed. If we were able to

generate transform-limited pulses of switched light, we could take the fast Fourier

transform (FFT) of the switching response in frequency space—under the assumption

of a constant phase in the electric field of the switched light—and calculate the switch

speed. However, we cannot guarantee our pulses of switched light are bandwidth

limited; in fact, they are almost certainly not transform-limited due to dispersion in

the fiber.

Although we are unable to convert the switched spectrum to the temporal domain

directly, we can take an FFT of the output from our temporal model and compare

this to the switch’s measured spectrum. This is possible because our model accounts

for pump pulse chirp, by taking the temporal FWHM of the pump pulses at the fiber

output as the pump pulse duration in the fiber. Although this method of accounting

for pump pulse chirp is a simplification, we find it is sufficient for our purposes.

Physically, the bandwidth expansion we observe for the switched light is due to the in-

duced optical Kerr effect described in Section 7.2; an ultrashort pump pulse travelling

through a Kerr medium induces a rapidly-varying refractive index in the medium. As

described in Sections 7.2.1 and 7.2.2, this variation in the medium’s refractive index

induces a phase shift in both the input signal light to be switched (SPM), and in
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the pump beam (XPM). In both cases, this rapidly-varying phase shift subsequently

leads to a frequency shift in both the pump and signal light. It is this frequency

shift which gives rise to the desired bandwidth expansion in the switched light, along

with undesired bandwidth expansion in the pump. Chapter 8 further outlines how

we optimize our experimental procedure to minimize the undesired pump SPM while

still measuring sufficient bandwidth expansion for the switched light.

7.5 Modelled Switching Response

The integral in Equation 7.37 can be evaluated numerically to determine the temporal

switching response anticipated for specified input parameters. In this work, we assume

that the temporal intensity profile of the pump pulse is a Gaussian, of the form

Ipump(T ) = I0 exp

(
− 4ln2

T 2

∆τ 2
pump

)
, (7.39)

for simplicity. In Equation 7.39, ∆τpump is the temporal FWHM of the pump. To

account for chirp, we take the value of ∆τpump as measured at the output of the Kerr

medium. As defined in Section 7.3, we model the switching response in a reduced

timeframe moving with the pump pulse, where T = t− z/vgs.

From this, the intrinsic response function (Equation 7.37) of the switch can be numer-

ically evaluated. The temporal FWHM of the intrinsic switching response defines the

fastest possible switching speed [21]. In general, it is possible to switch a signal with

any arbitrary temporal profile; for example, previous work investigated the switching

of a pulsed signal beam [21, 115]. To calculate the switching efficiency of the input
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signal light, the intrinsic response function must be integrated over the duration of

the signal, weighted by the temporal profile of the signal. This is expressed as

ηTOT(T ) =

∫ ∞
∞

η(T ) Isig(t′)dt′, (7.40)

where Isig(t′) is the temporal profile of the signal beam and the intrinsic response,

η(T ), is given in Equation 7.40.

In the case of our switch, we are not required to calculate the integral in Equation

7.40; our CW signal beam is on at all times, and thus the intrinsic switching response

defines the switching efficiency of the input signal light.

The intrinsic switching response function is a critical metric for understanding the

capabilities (and limitations) of the all-optical switching process outlined previously in

Section 7.3. To experimentally characterize the intrinsic switching response function,

the switching response must be measured free of any convolution from the signal

beam’s temporal profile. We can achieve this by measuring the switching response of

a CW signal beam. For a CW signal, switching will occur for all times at which the

pump beam is in the Kerr medium. As such, the switching response of a given Kerr

medium will only be limited by the temporal intensity profile of the pump beam, and

its walk-off with the signal in the switch.

I model the intrinsic response for specified input parameters in Mathematica, as shown

in Figure 7.3. The input parameters to the model are: a constant, C; the length of the

SMF, L; the pump duration at the output of the SMF, ∆τpump; the centre wavelength

of the pump pulse, λpump; and the wavelength of the CW signal, λsig. I calculate the
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switching response by evaluating the B-integral in Equation 7.37. This is done in

Mathematica, where a Risch algorithm is used to compute the indefinite integral

before imposing the bounds of integration. The switching response shown in Figure

7.3 is for a 10 cm silica SMF Kerr medium, as this was the medium we used to

demonstrate switching experimentally.

Figure 7.3: The interactive model that predicts the intrinsic switching response for
input parameters used in experimental demonstration of switch operation.
Input parameters to the model are: a constant, C; the length of the SMF,
L; the pump duration at the output of the SMF, ∆τpump; the centre
wavelength of the pump pulse, λpump; and the wavelength of the CW
signal, λsig.
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The model is interactive and estimates the anticipated switching response of a CW

signal beam for a Gaussian pump pulse in SMF. In its current state, the interactive

user interface calculates the switching response for arbitrary SMF length (L), pump

pulse duration (∆τpump) and centre wavelength (λpump), and signal wavelength (λsig).

The pump-signal walk-off is calculated from λpump and λsig via the Sellmeier equations

[121] for bulk silica; this is a sufficient approximation for our purposes, though the

model could be further improved by using the index that comes from the waveguide

mode.

We also define a constant (“Const” in Figure 7.3) that can be varied in the interactive

model. This constant is used in Section 8.4.3, where it is defined as C. The value of

this constant can be determined from Equation 7.37, and is given by

C =
2πn2

λsignal

I0, (7.41)

where I0 is the peak intensity of the pump pulse.

The model could easily be made more general to account for various Kerr media by

replacing the expression for wavelength-dependent refractive index used in calculating

the pump-signal walk-off via the Sellmeier equations. It could also be generalized to

account for arbitrary pump and signal temporal profiles.

Extending the model to include the effects of the pump pulse chirp in a stepwise

fashion as the pump pulse propagates through the SMF Kerr medium would provide

a more complete prediction of the switching response. Currently, the model only

accounts for pump pulse chirp in the SMF by using the value of ∆τpump as measured
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by FROG at the output of the SMF. Although we are limited by these simplifications,

for the case of the work presented here, the current model is sufficient in its ability

to predict and describe the switching response for a given set of arbitrary input

parameters.

As outlined in Section 7.4, we can take the FFT of the temporal output of our

model for a specific set of experimental input parameters, to compare the expected

spectral response response with the experimental spectra presented in Chapter 8.

Since the temporal output from our model is an envelope function, we assume a

constant phase in the electric field as a function of wavelength when taking its FFT.

The input parameters are determined experimentally, as follows: λpump and λsig are

both measured via a spectrometer, ∆τpump is measured by frequency-resolved optical

gating (FROG), and the constant, C, in the model is determined via pump pulse

energy dependence of the experimental switching response, which is presented in

Section 8.4.3.

To determine the experimental value for the input parameter C, we compare our

switch’s experimental pump pulse energy dependence (presented in Section 8.4.3) with

the modelled switching dependence on C (which is related to pump pulse energy).

The modelled dependence of the total switching response on C is shown in Figure 7.4.

To determine the total switching response, the modelled switching curve (as shown

in Figure 7.3) is integrated over all time. The curve reaches a maximum, then begins

to decrease again. This decrease is due to switched light being polarization-switched

a second time, back to the original polarization of the CW beam.
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Figure 7.4: Pump pulse energy dependence of switching response as predicted by
the model for input parameters: ∆τpump = 366.6 fs, λpump = 805 nm,
λsignal = 783 nm, and L = 10 cm.

With an understanding of the necessary background describing optical Kerr switching

in fiber, and a model that predicts the anticipated response, we can experimentally

demonstrate and verify configurable all-optical ultrafast polarization switching.



Chapter 8

Configurable Ultrafast All-Optical

Polarization Switch

8.1 Summary

The experimental setup, data collection and processing protocols, and results associ-

ated with our ultrafast all-optical polarization switch are discussed in this chapter.

The successful operation of our switch is presented, along with two demonstrations

of its configurability.

The experimental methods presented in this chapter build upon the work of previous

group members, Jennifer Erskine and Connor Kupchak, in which they demonstrated

terahertz-bandwidth all-optical switching of single photons [21].

117
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8.2 Experimental Setup

Figure 8.1 shows the experimental setup used to carve out pulses of polarization-

switched photons from a continuous wave (CW) beam in a short (10 cm) piece of silica

single mode fiber (SMF). The 10 cm length of the SMF was selected for its ability

to achieve high enough switching efficiency for short switch durations (< 500 fs), as

predicted by our model (for reasonable estimates of our experimental parameters:

∼ 150 fs pump pulse, λsig = 783 nm, and λpump = 805 nm).

Telescope

10 cm SMF Spectral Filter

Polarizer (H)

Polarizer (V)

Signal

Pump
#

H

V

H

V

70:30 BS

Spectrometer

Optical Chopper

Spectral 
Filters

Spectral 
Filters

PBS

SMF

Optical Isolator

Polarizer
!/2

!/2

!/2!/4 !/4
!/2

10 cm SMF

1D Stage

780 nm CW Diode Laser 
(signal) 

PBS

Optical Chopper

80 MHz 
Ti:Sapphire

(pump)

Figure 8.1: Schematic of the experimental setup. PBS: polarizing beamsplitter; λ/4:
quarter waveplate; λ/2: half waveplate; SMF: single mode fiber.

Ultrafast pulses from a Ti:Sapphire laser (SpectraPhysics Tsunami)—similar to the

femtosecond laser used in Part I of this thesis—and CW light from a diode laser

(Thorlabs CPS780S) are combined via a 70:30 (70% transmission, 30% reflection)
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beamsplitter (BS), and are coupled into the 10 cm SMF (Thorlabs S630-HP, with

FC/PC connectors) in which the Kerr switching occurs. The Ti:Sapphire laser (pump

beam) generates transform-limited pulses at 805 nm, with a spectral full width at

half maximum (FWHM) of 10 nm and a repetition rate of approximately 80 MHz.

The pump beam enters the experimental setup I built for switching (as depicted in

the upper right corner of Figure 8.1), after travelling through an optical isolator, a

prism-pair compressor, and multiple wave plates and polarizing beamsplitters (PBSs).

These optics allow the use of the pump beam for other experiments in addition to the

all-optical switch; however, they disperse the pump beam such that it is no longer

transform-limited at the input of the SMF.

In the optical setup for switching, the pump beam is spectrally filtered using a short-

pass and long-pass filter combination. This combination of filters—both of which are

angle tuned—allows for pump pulse shaping. Of particular importance, the high-pass

filter ensures that the pump does not overwhelm the switched signal in its spectral

region. The pump beam is chopped at a rate of 4 Hz for subsequent data processing.

It is then directed through a 1:1 telescope (f =250 mm for both lenses), where the

second lens is placed on a 1D translation stage to assist in coupling the pump into

the 10 cm SMF along the z-axis of the beam. A set of quarter and half-waveplates

(λ/4 and λ/2) are used to prepare the polarization state of the pump beam before

it is combined with the CW (signal) beam. The pump can be polarized either +45°

or −45° relative to the signal for optimal switching. For all results presented in this

work, the pump is polarized −45° relative to the signal polarization at the input of

the fiber.
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The signal beam is generated by a 783 nm CW diode laser. It is sent through an

optical isolator (OI) to minimize the amount of back-reflection of both pump and

signal light from the tip of the 10 cm SMF into the diode laser. A λ/2 waveplate

is placed before the OI to maximize the light transmitted through. A second λ/2

waveplate is placed after the OI in conjunction with an absorptive polarizer to prepare

the polarization state of the signal, such that it is vertical to the table (which we define

as 0°).

Both the pump and signal are coupled into the 10 cm SMF, with typical coupling

efficiencies of 70% and 60%, respectively. The pump pulse induces a localized birefrin-

gence within the fiber medium, which subsequently causes polarization rotation of the

portion of the CW signal beam that temporally overlaps with the pump pulse. The

output of interest from the 10 cm SMF is a train of pulses that have been switched

out from the initial CW signal beam. This train of switched pulses is cross-polarized

with respect to the initial CW signal beam, so a λ/2 and a polarizing beamsplit-

ter (PBS) are placed after the 10 cm SMF to project the signal beam onto a 90°

(horizontal) polarization. This setup, of a medium with a χ(3) nonlinearity situated

between two crossed polarizers, is referred to as an optical Kerr shutter (OKS) [122].

A λ/4 waveplate is placed before the polarization projection optics to account for any

intrinsic birefringence present in the 10 cm SMF. A combination of three angle-tuned

spectral filters remove the remaining light from the pump, before the switched light

is coupled into another SMF for spatial filtering. The spatial filter SMF improves

the polarization extinction ratio between the crossed polarizers on the signal beam

by filtering out unwanted modes that were not fully attenuated by the short 10 cm

SMF.
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A flip mirror is present after the 10 cm SMF to pick-off pump light for temporal

characterization via frequency-resolved optical gating (FROG), which is preformed by

a FROG device (Swamp Optics 8-50-USB). Our pump pulses were also characterized

at the fiber input, and are not transform-limited. Although transform-limited pulses

are ideal in most cases, our pump pulse will experience chirp in the SMF (regardless

of the input), so we relax this requirement.

Based on the relationship between frequency bandwidth and finite temporal duration,

as described in Section 7.4, we observe an increase in the spectral bandwidth for the

ultrafast switched signal pulses in comparison to the CW signal beam. We measure

this increase using a spectrometer. The switched light to be measured spectrally is

accompanied by some leakthrough from both the pump and signal beams, as well as

background light from the lab environment. Section 8.3 outlines the data collection

and processing technique we employ to account for this.

Spectral data are collected using one of two possible experimental configurations, both

of which employ a Matlab program that controls data acquisition from a spectrom-

eter. The spectral data taken to initially demonstrate the switching response (see

Section 8.4) are collected using an OceanOptics HR2000+ spectrometer, controlled

by a Matlab program (which was written by Connor Kupchak and Jennifer Ersk-

ine, with assistance from Doug Moffatt). Subsequent demonstrations of switching

response modulation (see Sections 8.5 and 8.6) used a Princeton Instruments Acton

SP2300 monochromator/spectrograph, controlled by a Matlab program written by

Duncan England. The Acton SP2300 spectrometer was chosen for demonstrations

of switch speed modulation and multi-pulse switching due to its higher resolution
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than the OceanOptics HR2000+ spectrometer. Although initial switching demonstra-

tions could have been preformed using the higher resolution spectrometer, switching

demonstrations using the OceanOptics HR2000+ spectrometer showcases the possi-

bility of a user-friendly, self-contained unit for all-optical switching.

8.3 Data Collection and Processing

A major problem we encountered while measuring the switched signal’s spectrum was

the highly-fluctuating intensity level of the leakthrough from the signal beam. The

signal beam leakthrough is evident in Figures 8.2(a) and (b), located in the 782.5–783

nm region; in some cases, as it fluctuates, it saturates our detector.

Figure 8.2: The necessary four curves for the “lock-in” technique are shown in (a)
and are used to generate the final switching response curve shown in (b),
as defined by Equation 8.1. The four curves shown in (a) are also defined
in Table 8.1. The signal leakthrough is evident in both (a) and (b), from
about 782.5–783 nm; the signal leakthrough feature is excluded from all
future datasets.

The feature that arises from signal leakthrough saturation is included in the switching

response shown in Figure 8.2(b), to illustrate that is is not indicative of the switching
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response in the spectral region it spans. We therefore exclude the signal leakthrough

from all subsequent switching response datasets presented in this chapter.

We attribute the intensity fluctuations of the signal beam’s leakthrough to induced

birefringence in the 10 cm SMF, which arises from varying strain in the fiber. This

varying strain is most likely caused by changing air currents and other vibrations in

the vicinity of the fiber. The induced birefringence, that arises from these variations

in strain, causes small changes in the polarization of the signal leakthrough which

must be overcome when measuring the switching response.

Even without these fluctuations, the signal leakthrough poses a considerable chal-

lenge. As our switch carves out ultrashort pulses of switched light from a CW beam,

the short duty cycle of the switch must be overcome with sufficient polarization ex-

tinction. Even for perfect switching, the power of light switched out compared to the

launched power of the CW signal beam is on the order of 100fs/10ns ≈ 10−5. We

therefore anticipate a required polarization extinction ratio on the order of ∼ 105. We

achieve a polarization extinction ratio that fluctuates (with the signal leakthrough)

between about 1.5–6.0×104. This range in the value of polarization extinction ratio

is achieved by tuning the λ/2 and λ/4 waveplates after the 10 cm SMF, such that the

signal leakthrough after the polarization projection PBS is minimized. We tune the

λ/2 and λ/4 waveplates by hand, and do not employ any active feedback control to

account for the signal leakthrough variations. Our setup could be improved by im-

plementing high-resolution piezoelectric feedback control on the λ/4 waveplate after

the 10 cm SMF [123]. This could dynamically offset any induced birefringence in the

fiber due to variations in strain from its local environment.
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To overcome the challenges posed by the large amount of signal leakthrough, and

its fluctuations, I developed a data collection and processing technique that operates

somewhat like a two-channel lock-in amplifier. This technique builds upon the idea

of a single-channel lock-in that was originally developed by Jennifer Erskine.

In this “lock-in” technique, optical choppers are used to periodically modulate the

pump and signal at unique frequencies. Spectral data are collected continuously while

the two beams are chopped. The integration time used when collecting spectral data

becomes critical in this technique, as it must be shorter than either of the two chopping

periods. If the spectral integration time were any longer, the collected spectra would

span combinations of the four possible configurations, leading to convoluted datasets.

For the results presented in this thesis, the pump is modulated at a frequency of 4 Hz,

while the signal is modulated at a frequency of either 0.02 Hz (when collecting data

using the OceanOptics HR2000+ spectrometer ) or 0.2 Hz (when collecting data using

the Acton SP2300 spectrometer). The integration time of the spectrometer required

to observe a sufficient switching response (200 ms for the OceanOptics HR2000+

spectrometer, 10 ms for the Acton SP2300 spectrometer) limits the pump’s modu-

lation frequency. Spectral data are collected continuously, over about a 20-minute

period.

The spectra are then sorted into one of four configuration categories: (1) signal on,

pump on; (2) signal on, pump off; (3) signal off, pump on; and (4) signal off, pump

off. These configurations are provided in Table 8.1 and shown in Figure 8.2, related

via colour coding for clarity.
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Pump

Signal
ON OFF

ON Switching Self-Phase Modulation (SPM)

OFF Signal Beam Leakthrough Background

Table 8.1: Four configuration categories required for the “lock-in” technique used to
calculate the final switching response curve. The curves associated with
each of these categories and the calculated switching curve are shown in
Figures 8.2(a) and (b), respectively.

Spectra are sorted into the categories outlined in Table 8.1 by first generating plots of

both the signal and the pump modulation. The pump modulation is shown in Figure

8.3(a), where the integrated values of SPM leakthrough (over ∼ 820–830 nm) are

plotted as a function of assigned spectrum number. The signal modulation is shown

in Figure 8.3(b), where the integrated values of the signal leakthrough (over ∼ 782–

783 nm) are plotted, again as a function of assigned spectrum number. Interestingly,

the signal leakthrough variation is evident in Figure 8.3(b).

The dataset provided in Figure 8.3 was collected using the Acton SP2300 spectrome-

ter, with a pump modulation frequency of 4 Hz, a signal modulation frequency of 0.2

Hz, and an integration time of 10 ms. Due to dead time in our data collection code,

we collect fewer spectra than would otherwise be predicted. This does not affect our

data processing, as we are not triggering our data collection with our signal and pump

modulation.

From these two plots, we extract values for the conditions on sorting spectra into
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Figure 8.3: Optically-chopped pump, integrated over∼ 820–830 nm spectral region in
(a); and optically-chopped signal, integrated over ∼ 782–783 nm spectral
region in (b). Both responses are required in our “lock-in” technique.

categories. This is done by defining thresholds for the values of the integrated pump

SPM and the integrated signal leakthrough. These threshold values are depicted in

Figure 8.3 by the lines that indicate where we define the pump and signal as being

either on or off. The threshold conditions are tested on each spectrum obtained over

the course of the 20-minute data collection window, and allow the spectra to be sorted

into one of the four categories in Table 8.1 or discarded.

As this technique does not employ a triggering mechanism to synchronize the spec-

trometer’s acquisition with the pump and signal chopping, we are continuously col-

lecting spectral data. Some of the spectra will thus be taken while a shutter is opening

or closing. Although the choice of integration time reduces the probability that a spec-

trum will be acquired for this case, some spectra are still recorded during the opening

or closing of a shutter. About 10% of spectra do not meet the required conditions to

be sorted into one of the four categories, and are instead simply discarded.

The sorted spectra are then averaged for each of the four configurations. For each

configuration, we generate one spectrum that consists of the average intensity value
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associated with each pixel (datapoint in wavelength space). The standard deviation

in these averaged intensity values provides the error in the measurement for each

pixel. The four averaged spectral datasets are used to generate the final switching

response curve as follows:

Iswitch curve = (Iswitch − Isignal)− (Ipump − Ibg), (8.1)

where Iswitch corresponds to category (1) signal on, pump on; Isignal corresponds to

category (2) signal on, pump off; Ipump corresponds to category (3) signal off, pump

on; and Ibg corresponds to category (4) signal off, pump off. The standard deviations

from each of the four spectra used in calculating Iswitch curve are propagated through

in quadrature to obtain the final standard deviations (errorbars) for the switching

curve.

8.4 Initial Demonstration of Switching Response

Before demonstrating the full range of the switch’s configurable signal modulation

capabilities, we show that our switch is operating as anticipated. The SPM of the

pump is observed, to benchmark the operating range of our pump pulse energy. Next,

the pump polarization-dependence of the switch is used to confirm that the observed

response is indeed due to a Kerr-switching mechanism. The dependence of the switch

on pump pulse energy, and its importance for the accurate modelling of the switching

response, are then discussed. Finally, the working switch is verified by our model,

and an estimate on switch speed is provided.
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8.4.1 Self-Phase Modulation of Pump

Our switch relies on operation in the nonlinear regime. We must therefore minimize

effects from other parasitic nonlinear processes, such as self-phase modulation (SPM)

as described in Section 7.2.1. We minimize SPM in the switching spectral region

by filtering the input pump beam with an angle-tuned, long-pass spectral filter. To

investigate where the effects of SPM become detrimental in our experimental setup,

we observe the pump beam’s spectral profile for increasing pump pulse energy, the

results for which are shown in Figure 8.4.

Figure 8.4: Spectral profiles for increasing pump pulse energies, measured at the out-
put of the switching medium. The inset shows SPM in the spectral region
of the switch bandwidth. As shown in the inset, SPM becomes parasitic
to the switch’s response at pulse energies > 0.6 nJ. Spectra are scaled
arbitrarily to highlight spectral changes due to SPM.
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For optimal switch operation, we want to pump the process with as much energy

as possible without entering a regime in which parasitic nonlinear processes interfere

with switch performance. Although SPM is noticeable in the pump’s spectrum im-

mediately (i.e., broadening effects are present at pulse energies as low as 0.05 nJ), it

does not adversely affect switch operation for pulse energies below about 0.6 nJ. For

pulse energies above 0.6 nJ, SPM causes pump broadening into the spectral region of

the switch’s operation. This leads to undesirable background in the spectral region of

the signal beam, which adversely affects our ability to measure the switching response

(for example, see small purple peak in Figure 8.2(a)). For this reason, switching is

induced using a pulse energy < 0.6 nJ for all characterizations and demonstrations,

unless otherwise stated.

8.4.2 Pump-Polarization Dependence of Switch

Operating in the pump pulse energy regime constrained by SPM (< 0.6 nJ), we

demonstrate the successful operation of our all-optical switch in Figure 8.5. The

switching response is characterized by the anticipated bandwidth expansion. As ex-

plained in Section 8.3, we exclude data for the spectral region in which the signal

leakthrough is present.

To ensure that the observed spectral broadening response can indeed be attributed

to the desired polarization rotation of the signal beam—as opposed to other parasitic

nonlinear processes, such as Raman scattering (see Section 7.2.2)—we measure the

switching response for several pump polarizations relative to the signal polarization.

Figure 8.5 shows the switch’s response for pump polarizations that are −45°, −22.5°,
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0°, +22.5°, and +45° relative to the signal polarization. Data are excluded in the

spectral region of the signal leakthrough. Additionally, we do not include a mea-

surement for the case where the pump is polarized 90° relative to the signal, because

the pump is maximally transmitted through the projection PBS for this polarization.

Due to the transmission of undesirable pump SPM leakthrough, a reliable switching

measurement cannot be made in this polarization configuration.

Figure 8.5: Pump-polarization dependence of switching response, where the pump
polarization relative to the signal polarization (θ) is varied. Data collected
for the input parameters: L = 10 cm; λpump = 805 nm; λsig = 783 nm;
and ∆τpump = 366.6 fs (measured via FROG at the SMF output). Data
collected for pump pulse energies of about 0.6 nJ.

As expected, the response of the switch is suppressed when the pump and signal

polarizations are parallel to each other. In addition to this, the switch’s response is



CHAPTER 8. CONFIGURABLE ULTRAFAST ALL-OPTICAL
POLARIZATION SWITCH 131

consistent between +45° and −45°, and between +22.5° and −22.5° relative polariza-

tions, again, as expected.

The average peak in the +45° and −45° curves is compared to the average peak in

the +22.5° and −22.5° curves, by taking their ratio. The calculated ratio between the

average peak in the switching response of the 22.5° to the 45° relative polarization

cases is 0.41 ± 0.04. Equation 7.36 predicts that the ratio of the 22.5° to the 45°

switching responses should be 0.5. The experimental ratio is low in comparison to

that predicted by the theory; however, it is still close to the response expected from

Equation 7.36. Therefore, we confirm that we are indeed rotating the polarization of

the signal beam through a pump-induced optical Kerr effect in the 10 cm SMF.

8.4.3 Pump Pulse Energy Dependence of Switch

With the switch operating free of any detrimental effects from parasitic processes, we

demonstrate its ability to switch ultrafast signals with configurable modulation. One

metric of interest is the characterization of the intrinsic switching speed. To charac-

terize this, we compare the switch’s response to the model outlined in Section 7.5.

However, in order to accurately model the switch’s response, we require a measure-

ment of its dependence on pump pulse energy to extract an experimental value for

the model input parameter, C. The dependence on pump pulse energy of the switch

is shown in Figure 8.6, along with the pump’s integrated SPM, for increasing pump

pulse energies.
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Figure 8.6: On left axis: Pulse energy dependence of switching response (blue data
points), integrated over 778–790 nm (excluding signal leakthrough), fitted
by Asin2(Bx) (blue curve), where A=1 and B=0.861. On right axis:
Pulse energy dependence of pump SPM leakthrough (red data points),
integrated over 778–790 nm.

Based on Equation 7.37, the response of the switch should follow an Asin2(Bx) depen-

dence on pump pulse energy. In this case, A is a constant that defines the maximum

possible switching response (which can be used for normalization purposes), B is a

constant for a given combination of input parameters (pump-signal temporal walk-off,

pump pulse duration, strength of the χ(3) process in fiber, the fiber’s mode field radius,

and length of the switching medium), and x is the pump pulse energy. The switching

response (blue points) shown in Figure 8.6 tracks this anticipated dependence (blue

curve) very closely, before it starts to fluctuate. This is attributed to pump SPM
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leakthrough (red points) in the switching spectral region, which is seen to increase

dramatically in the pump pulse energy region where we see these fluctuations.

It should be noted that the constant B is different from the constant C defined by

Equation 7.41 in Section 7.5, although they are closely related. We define B as

B =
1

2

2πn2

λsignal

Rep Rate

πr2

∫ L

0

Ipump(T − dwz)dz, (8.2)

where Rep Rate/πr2 is related to the peak intensity of the pump, I0, via pump pulse

energy. Rep Rate is the pump laser’s repetition rate (80 MHz), and πr2 is given by

the spot size of the pump as it travels through the fiber (where r is the fiber’s mode

field radius: 2.1 µm). Ipump in Equation 8.2 is the normalized pump intensity profile.

The pump pulse energy dependence of the switching response (shown in Figure 8.6)

is fit to y = Asin2(Bx), where A and B are fit parameters, and x and y correspond

to pump pulse energy and integrated switch intensity, respectively. Fitting is done in

Matlab, which uses a least squares fitting regime.

The fitted curve for the experimental pump pulse energy dependence dataset can

then be compared to the pump pulse energy dependence anticipated by the model

presented in Section 7.5, for any given set of input parameters. By comparing the

experimental pulse energy dependence fit to the modelled pulse energy dependence,

we can define a relationship between the constants B and C. This relationship allows

us to calculate the value of C as a model input parameter, for comparison between

the modelled and measured switching spectrum.

For the demonstration of the switch in Section 8.4.4, the constant C—included in the
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expression for η(T ) in the model—is extracted from the modelled pump pulse energy

dependence (see Figure 7.4 in Section 7.5) for the input parameters: ∆τpump = 366.6

fs (as measured by FROG at the 10 cm SMF output), λpump = 805 nm, λsignal = 783

nm, and L = 10 cm.

The experimental and theoretical pump pulse energy dependence curves are both

normalized relative to their maxima, and are compared to extract the correct value of

the model input parameter, C. The constant B is used to determine the experimental

percentage of the maximum switching response that a given pulse energy can generate.

This percentage is then used to determine the value of C which gives rise to the same

proportion of switched photons in the modelled pump pulse energy dependence.

From the pump pulse energy dependence curves presented in Figure 7.4 and Figure

8.6, we can accurately model the switching response, as presented in Section 8.4.4,

for verification purposes.

8.4.4 Verification and Characterization of Switching Response

Here, we successfully demonstrate the capability of switching out ultrashort pulses

from a CW beam via polarization rotation. Through an induced optical Kerr effect in

our 10 cm SMF switching medium, we measure an increase in the spectral bandwidth

about the original CW signal. This capability is demonstrated in Figure 8.7, showing

the spectrally-broadened switching curve associated with the polarization-switched

pulses of signal light. Once again, data are excluded from the spectral region of

signal leakthrough in Figure 8.7.
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Figure 8.7: Experimental demonstration of the switching response (blue data points),
plotted against the modelled response (blue curve) for input parameters
based on experimental values: ∆τpump = 366.6 fs (measured via FROG
at the SMF output), λpump = 805 nm, λsignal = 783 nm, and L = 10 cm.
Data collected for pump pulse energies of about 0.6 nJ. The original CW
spectrum is plotted (shaded in red) to visualize the bandwidth expansion
observed in comparison to the switching response.

The experimental spectral profile of the switching response is verified by our model

(described in Section 7.5), by plotting our experimental data against the FFT of our

model’s temporal output. In doing so, we see that the response of our switch agrees

well with the response anticipated by our model. The model slightly underestimates

the intensity of the switching response at its tails. We attribute this to chirping of

the pump pulse within the 10 cm SMF, as our model does not fully account for the
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effects of chirp as the pump travels through the fiber. It accounts for chirp in the

fiber by defining the input value for pump pulse duration as measured by FROG at

the SMF output.

The figure of merit which arises from this initial demonstration is switching speed.

Since switching occurs for the entire duration where the pump is in the SMF, the

demonstration here provides a measure of the intrinsic switching speed. The intrinsic

switching speed is a measure of the fastest possible switch we can demonstrate for a

given pump-signal walk-off, pump duration, and fiber length.

We cannot simply take the FFT of the spectral response from our switch to extract

its intrinsic speed. This illustrates the importance of an accurate model. For the

switching response shown in Figure 8.7, the intrinsic switching speed can be extracted

from the FWHM of the model’s output in temporal space. We find that the model

estimates an intrinsic switching speed of 424 fs. This metric corresponds to the

FWHM of the modelled temporal switching response for the experimental parameters:

∆τpump = 366.6 fs, λpump = 805 nm, λsignal = 783 nm, and L = 10 cm. The intrinsic

switching response is ultimately limited by the pump’s temporal duration, the pump’s

walk-off relative to the signal, and of course, the length of the fiber.

Given that demonstration of the intrinsic switching response was both possible and

accurately described by the model, it is not unreasonable to expect that it should be

possible to modulate the switching response by varying the experimental parameters

listed above. With this in mind, we perform two additional demonstrations of our

ability to control the observed switching response, via: (1) the pump’s temporal

duration; and (2) multi-pump-pulse switching.
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8.5 Modulation of Switch Spectral Bandwidth

This section demonstrates the flexibility in the spectral bandwidth of our all-optical

switch. The modifications to the experimental setup are first outlined and explained.

Pump pulse duration is then varied to show the effect it has on the switching response,

and to demonstrate its control over switching bandwidth.

The ability to demonstrate configurable switching bandwidth over a wide range is a

useful demonstration in itself, as it shows the level of control we have over the desired

switching response. We control the switching spectral FWHM between ∼ 2–4 nm;

however, our setup could be modified (i.e., longer pump pulse duration, longer fiber,

etc.) to demonstrate a wider range of switch spectral bandwidths.

This demonstration also outlines the potential for modulating switch speed duration.

As anticipated by the time-frequency relationship for optical pulses, narrowing the

spectral bandwidth of our switch should lead to longer switch durations. Longer

switching speeds have potential use in the gating of longer-duration optical signals,

or in cases where the switched signal is being sent through a long fiber and it is

desirable to decrease the amount of chirp experienced by the switched signal. On the

other hand, it is also possible to achieve even shorter switching speeds (i.e., shorter

pump pulse duration, shorter fiber, etc.); however, this would require a more careful

consideration of the pump’s chirp through the optical setup, and in extreme cases,

the medium response time.
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8.5.1 Modifications to Experimental Setup

The experimental setup used to demonstrate our ability to alter the switch’s spec-

tral bandwidth is shown in Figure 8.8. Aside from the spectrometer used for data

collection (the Acton SP2300 spectrometer in this case), the only difference from the

experimental setup used in the initial demonstration of the switch (see Figure 8.1) is

the addition of 5 cm, 10 cm, or 15 cm of SF11 glass to alter the temporal duration of

the pump pulse.
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Figure 8.8: Schematic of the original experimental setup shown in Figure 8.1, with
modifications added to demonstrate control over switching spectral band-
width enclosed by the dashed outline.

SF11 is highly dispersive glass, which allows us to stretch our pump pulses, as mea-

sured by FROG at the SMF output, from 328 fs (without any SF11 glass) to 419 fs,

480 fs, or 513 fs (with 5 cm, 10 cm, or 15 cm of glass, respectively). These values are
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compared to the chirp of a 328 fs pulse, as predicted by the dispersion relation for 5,

10, and 15 cm of SF11, in Table 8.2.

Amount of SF11 Predicted ∆τpump Measured ∆τpump

(cm) (fs) (fs)

0 – 328
5 354 419
10 422 480
15 517 513

Table 8.2: Predicted and measured pump pulse durations at the output of our 10
cm SMF with 5, 10, or 15 cm of SF11 glass present in the experimental
setup. Predicted values are calculated from the dispersion relations
for SF11; experimental values of pump pulse duration are measured
by FROG at the 10 cm SMF output.

There is some discrepancy between the predicted and measured dispersion imposed

by the additional SF11 glass. This can be attributed to assumptions made when

calculating the predicted values. We do not account for any initial chirp present in

the pump pulse upon entering the SF11 for further chirping, and calculations assume

only linear chirp in the SF11.

The data collection and processing protocol is the same as outlined in Section 8.3;

where the higher-resolution Acton SP2300 spectrometer is employed to allow us to

better resolve the narrowing of the measured switching spectrum for longer pump

pulses. Results of the switching response for increasing pump-pulse duration are

provided in Section 8.5.2.
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8.5.2 Demonstration of Switch Bandwidth Control

By controlling pump-pulse duration, we demonstrate control over the spectral band-

width of our all-optical switch. This is anticipated by our model presented in Sec-

tion 7.5, where the switching response is dependent on the temporal profile of the

pump pulse. The model predicts an increase in the temporal FWHM of the switching

response for increased pump pulse duration. This result, taken in the context of the

time-frequency relationship of optical pulses, implies that increasing the pump pulse

duration should cause the switch spectral bandwidth to narrow.

Figure 8.9 shows the normalized switching responses for the four cases of varied

pump-pulse durations. A narrowing in the spectral profile is observed for increasing

amounts of SF11 glass. As in previous demonstrations of the switching response, data

are excluded in the signal leakthrough spectral region.

Spectral FWHM values are extracted from the switching spectra presented in Figure

8.9. The extracted switching spectral bandwidths are: 2.9 nm for 0 cm SF11, 2.2 nm

for 5 cm SF11, 1.9 nm for 10 cm SF11, and 1.6 nm for 15 cm SF11. As anticipated,

the addition of SF11 to the experimental setup (to increase pump pulse duration)

leads to a narrowing of the switching spectral bandwidth.

These results demonstrate our ability to modulate the spectral bandwidth of the

switch, by tuning the pump’s temporal duration. This demonstration is of particular

interest in the context of pump-probe spectroscopy, where we show the possibility of

achieving a bandwidth-tunable near-infrared (NIR) probe source.
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Figure 8.9: Control of the switching response via pump pulse duration. Spectra are
observed to narrow for increasing amounts of SF11 glass, as anticipated.

We are currently working to extend the results presented in this section to allow for

the measurement of control in switch speed by pump pulse duration tuning. As shown

in Section 8.4.4, the switch speed can be extracted through a comparison between

our measured and modelled switching response. Verification of the results presented

in this section by our model is a work-in-progress.
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8.6 Multi-Pulse Modulation of Switching

Much like the demonstration of flexibility in switching speed, the ability to switch

configurable modulated signals is very useful for optical data encoding [10]. This

section provides a demonstration of our ability to switch modulated signals, via trains

of two and four pump pulses. First, the modifications to the experimental setup are

outlined and explained. 2- and 4-pulse trains (of the pump beam) are then used to

demonstrate the generation of a configurable switching response–once again, through

manipulation of the pump.

8.6.1 Modifications to Experimental Setup

The experimental setup used to demonstrate our ability to switch modulated multi-

pulse signals is shown in Figure 8.10. For the demonstration of this capability, we

switch trains of 2- and 4-pulses. We do so by exploiting the birefringent properties

of α-BBO. Components of the pump pulse polarized along the fast and slow axes of

the α-BBO crystal are temporally separated, effectively changing single pump-pulses

into trains of 2- and 4-pulses. Each α-BBO crystal implemented in the setup gives

rise to the separation of a single pulse into two pulses. Therefore, the addition of a

single α-BBO crystal is used to demonstrate a 2-pulse switching response, and the

addition of two α-BBO crystals is used to demonstrate a 4-pulse switching response.

The temporal separation of the pump pulses is dependent on the thickness of the

α-BBO crystal(s) used.
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Figure 8.10: Schematic of the original experimental setup shown in Figure 8.1, with
modifications added to demonstrate multi-pulse switching control.

The only additional optics required to generate these pulse trains are α-BBO crystals,

PBSs, and λ/2 waveplates. The schematic is the same for each α-BBO crystal added

to the optical setup: a PBS, a λ/2 waveplate, the α-BBO crystal, and a second

PBS. The first PBS and λ/2 combination ensures that the pump polarization before

the α-BBO is 45° relative to the crystal’s axis. The output from a single α-BBO

is two pulses—separated by a temporal duration defined by the crystal thickness—

with orthogonal polarizations. The α-BBO is angle-tuned such that the orthogonal

polarizations are at +45° and −45° relative to the horizontal transmission of the

second PBS. This allows the horizontal component of each pulse to be transmitted

through the PBS (the maximum possible transmission that can be achieved in this

schematic).
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The data collection and processing protocol is the same as outlined in Section 8.3;

where the higher-resolution Acton SP2300 spectrometer is employed to allow us to

better resolve the interference fringes of the measured multi-pulse switching spectrum.

Results of the switching response for modulated multi-pulse switching are provided

in Section 8.6.2.

8.6.2 Demonstration of Multi-Pulse Switching

We demonstrate the ability to modulate the switching response of the CW signal beam

by introducing 2- and 4-pulse trains of the pump beam. This capability is anticipated

of the switch, on the basis that the switching response is dependent on the temporal

profile of the pump pulse (as outlined in Equation 7.37 in Section 7.3). The generation

of switched pulses, separated on the picosecond timescale, is expected to give rise to

a spectral interference pattern with fringe spacing: ∆f = f∆τdelay [124,125].

The left column of images in Figure 8.11 shows the normalized switching responses

for the cases of 0 mm, 2 mm, 5 mm, and 10 mm of α-BBO used to separate single

pump pulses into two pulses. The increase in length of α-BBO that the pump travels

through increases the temporal separation of the two pump pulses. In the frequency

domain, this leads to higher frequency fringes, which is seen in Figure 8.11.

We take a fast-Fourier transform (FFT) of each modulated 2-pulse switching response;

these are shown to the right of each switching curve in Figure 8.11, respectively. In

taking the FFT of each switching spectrum, we assume a constant phase in the electric

field as a function of wavelength. To correctly take the FFT, switching spectral
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datasets are linearly interpolated to define evenly spaced switching response curves

in frequency space.

The FFT for the 0 mm α-BBO (no crystal) case outputs a single pulse at zero delay,

as expected. The three cases for increasing length of α-BBO added show two pulses,

separated by increasing delay: 0.88 ps for 2 mm of α-BBO, 2.20 ps for 5 mm of

α-BBO, and 4.47 ps for 10 mm of α-BBO. These delays are consistent with what is

expected from the group velocity dispersion in α-BBO at the pump wavelength of 805

nm, as outlined in Table 8.3. It should be noted that the FFT becomes less capable

α-BBO length Predicted ∆τdelay Measured ∆τdelay

(mm) (ps) (ps)

0 0 0
2 0.86 0.88
5 2.15 2.20
10 4.3 4.47

Table 8.3: Predicted and measured pulse delay after 0, 2, 5, or 10 mm of α-
BBO. Predicted values are calculated from the dispersion relations for
α-BBO; measured values extracted from the FFTs of the respective
switching responses presented in Figure 8.11.

of resolving the two pulses temporally for shorter crystal lengths, which is especially

evident in the 2 mm α-BBO case. This is due to the fact that there are not enough

fringes present across the spectral switching profile for the FFT to resolve the two

pulses temporally.

The left column of images in Figure 8.12 shows the normalized switching responses

for the cases of 2 and 5 mm, and 5 and 10 mm of α-BBO used to separate single

pump pulses into four pulses. The FFT of the modulated 4-pulse switching response

can be seen to the right of each switching curve, respectively. Again, to correctly
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perform the FFT, a linear interpolation is used to define evenly spaced datasets for

the switching responses in frequency space.

The output of the FFT for the case of the 5 and 10 mm α-BBO crystals shows four

pulses, located at 0 ps, 2.24 ps, 4.47 ps, and 6.59 ps delay. As expected, these pulses

are separated by approximately the same delay as observed in the 2-pulse switching

case using 5 mm of α-BBO. In the case of the 2 and 5 mm α-BBO crystals, the same

issue arrises as with the 2 mm single α-BBO case shown in Figure 8.11: the FFT is

unable to resolve the four pulses temporally, once again because there are not enough

fringes across the switching response spectrum for the FFT to resolve the two pulses

temporally. However, the expected four pulses are observed (the fourth pulse is very

small compared to the first three, but is still present) at 0 ps, 1.12 ps, 2.16 ps, and

3.03 ps. These delays are consistent with what is expected from the group velocity

dispersion in α-BBO at the pump wavelength of 805 nm.

In taking the FFT of each 2- and 4-pulse switching response curve, an amplitude drop

is present for pulses with longer delay. We attribute this to limitations in our spectral

resolution. This is best visualized by the underlying curve observed in the spectra in

Figures 8.11(d) and 8.12(b), where the destructive interference does not fully reach

zero intensity.

These results demonstrate our ability to modulate a multi-pulsed switching response

from a CW signal beam. This provides configurability in switching, which has im-

plications for a number of applications—the most obvious being in ultrafast optical

data encoding.
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Figure 8.11: 2-pulse switch modulation for (a) 0 mm of α-BBO, (b) 2 mm of α-BBO,
(c) 5 mm of α-BBO, and (d) 10 mm of α-BBO. Left column: measured
switching response, normalized relative to its central value; right column:
FFT of measured switching response.
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Figure 8.12: 4-pulse switch modulation for (a) 2 and 5 mm of α-BBO, and (b) 5 and 10
mm of α-BBO. Left column: measured switching response, normalized
relative to its central value; right column: FFT of measured switching
response.



Chapter 9

Conclusions and Future Work

9.1 Summary of Work

We have demonstrated all-optical switching in a 10 cm single mode fiber (SMF). Ad-

ditionally, we have presented a model which verifies our measured switching response,

and can be used to extract an estimate of intrinsic switch speed. Our technique is

simple in its implementation, where all system components are readily commercially

available, and no complex optics or active stabilization are required. Sub-nanojoule

pump energies are sufficient for measurement, which falls within reach of commercial

fiber oscillators and holds implications for a fully integrated fiber-based optical switch

in such systems.

Our technique measures the intrinsic switching response of a given Kerr medium,

and can be extended to any all-optical switch; our method simply requires that the

149
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light signal being modulated be replaced by a continuous wave (CW) beam, such

as a diode laser, at the same wavelength as the signal of interest. In addition to

successfully demonstrating a reliable method for measuring the intrinsic response of

an optical Kerr switch, we extended our technique to show the configurability of our

switching system—on the ultrafast timescale. We demonstrated our control over the

intrinsic switching response, by modifying selected characteristics (i.e., bandwidth

and repetition rate) of the pump beam used to induce switching.

We illustrated control over the spectral bandwidth of the output switching response,

by altering the duration of the optical pulses pumping the Kerr process. We further

exhibited our system’s configurability, by switching modulated, multi-pulse signals.

This was achieved by inducing the Kerr effect with sets of two- and four-pulse trains

within the 10 cm SMF. Through these demonstrations, it is evident that our system

is capable of switching any desired temporal signal—constrained only by the spectral

resolution of the response measurement device.

Our switch provides a simple, yet effective, method for modulating optical signals via

the Kerr effect—through control of the spectral and temporal profile of a pump beam.

This holds promising implications for a wide range of current and future applications

where fine control of optical signals is required.

9.2 Applications and Future Work

This demonstration of all-optical Kerr switching has direct implications for both clas-

sical and quantum optical networks. Based on the single-photon polarization switch
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that motivated this work [21], there are a number of applications of our technique in

quantum optics; for example, conversion of photonic qubits [22], and optical comput-

ing in a single spatial mode [126].

From a classical perspective, time-gating of optical signals is a useful application that

directly stems from this technique. Kerr switching provides a promising alternative

to the current method of time-gating in ultrafast photonics, where a weak second

harmonic generation (SHG) signal is used [127, 128]. In addition to ultrafast time-

gating, Kerr switching has been demonstrated as a useful method of improving timing

selectivity in both microscopy [129] and spectroscopy [130]; the demonstrated ultrafast

Kerr switching in this work could be employed to improve the capabilities of such

imaging systems.

Our demonstration of broad-scale control over optical signal modulation also holds

potential for use in optical telecommunication systems [10]. An interesting consid-

eration here is the implication of our switch in the context of wavelength-division

multiplexing (WDM), where multiple wavelengths are used to carry different chan-

nels of information. A potential advantage of our switch in WDM is its ability to

transfer bandwidth from one wavelength range to another. More generally, the abil-

ity to quickly gate, re-route, or modify optical signals as desired is a key finding for

communications technologies, along with integrated on-chip photonics—one of the

key applications driving the work presented in Part I of this thesis.

Our switch also holds potential as a novel ultrafast light source for applications such

as pump-probe spectroscopy. We have demonstrated the generation of a near-infrared

(NIR) ultrafast pulse (centred at about 783 nm) from a CW NIR source. This could
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easily be extended to generate ultrafast pulses with any specified centre wavelength,

provided a CW source at such a wavelength is available.

As discussed in this section, there are many applications and future technologies

which benefit from our demonstrations of configurability in modulating ultrafast op-

tical Kerr switching. These technologies provide a wide range of possibilities for future

work. With the broad range of technologies that can benefit from the application of

our optical Kerr switch, another avenue for future work might be to further develop

the technique demonstrated here. Extensions include optimizing the efficiency, flex-

ibility, and stability of the switch; attempting to demonstrate an all-fiber approach;

or perhaps, building a user-friendly unit for any one of the applications described in

this section.
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