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Abstract

This thesis presents the development of ultrafast near-infrared (NIR) waveguide laser
sources, through the fabrication of waveguides in Yb-doped bismuthate glass using
ultrafast laser inscription (ULI). An integrated linear cavity waveguide laser is
demonstrated in the glass with output powers of 163 mW and a slope efficiency of 79%.
The laser performance is comparable to bulk systems while providing additional
advantages in terms of low threshold ~35 mW and system compactness. The
simultaneous achievement of low propagation losses and preservation of the
fluorescence properties of Yb ions after the ULI process is key to the outstanding laser

performance.

Based on the current interest in ultrafast laser development using graphene as a
saturable absorber (SA), a systematic study of nonlinear absorption in graphene is
presented. The nonlinear optical characterisation of graphene at the wavelengths of 1
pum and 2 um contributes to the experimental evidence for the wavelength independent

absorption saturation in the material.

Ultrashort pulse generation from the Yb-doped bismuthate waveguide laser is
investigated using SAs based on semiconductor technology and carbon nanostructures.
The quasi-monolithic waveguide laser, employing a graphene SA generated ~485 mW
output power with a slope efficiency of 49%. The laser generated ~1 ps pulses in a Q-
switched mode-locked regime, with the mode-locked pulses measuring a high repetition
rate of 1.5 GHz.

Ultrafast laser development is also investigated based on a novel evanescent-wave
mode-locker device, fabricated by ULI. The device consists of an orthogonal waveguide
with the right-angle positioned along its angled facet. The substrate is converted into a
mode-locker by depositing carbon nanotube SA at the angled facet. Mode-locked
operation is demonstrated by incorporating the substrate in an Er-doped ring laser,
generating ~800 fs pulses at 26 MHz. Some preliminary work is done to replicate the
device design in an active gain medium, namely, Yb-doped bismuthate glass, for the

development of compact laser sources.
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Chapter 1 - Introduction

1.1 Background

The first laser was demonstrated by Theodore H. Maiman in a ruby crystal in 1960 [1].
More than 50 years hence, lasers find ubiquitous impact in application domains ranging
from industry, medicine and basic research, to everyday life. Recent years have
witnessed a number of celebrations associated with major anniversaries related to laser
technology. The year 2010 marked ‘50 years of lasers’; with celebrations across the
globe acclaiming its social, technological and scientific impact. With subsequent
celebrations on the trailing edge such as the 50" anniversary of Nonlinear Optics, to a
planned agenda for an ‘International Year of Light and Light based Technologies’
declared for the year 2015 by the United Nations [2]; the past narrates a brilliant
account of sublime innovation, bright ideas to life, and unprecedented development.
The present still engages in active research in the field, expanding the application
horizons, and the future holds bright promise of scientific breakthroughs and

technological progress.

From the first ruby laser which emitted short-lived coherent light at 694 nm in the red
spectral region, lasers have come a long way. Tracing back along the historical
evolution of lasers, a distinct shift can be noticed in the way that lasers are perceived.
While the first decade of laser development focused mainly on possible laser sources
with their applications pursued later, the current laser technology is practically dictated
by potential applications. As a consequence, even with the tremendous advances over
the past 50 years, there is no dearth in the field of laser development. And each laser,
with its application-specific features such as operating wavelength, power efficiency,
mode of operation and size, is no less significant than any other. Lasers are invaluable
tools across a multitude of applications such as industrial manufacturing, medical
research and diagnostics and high speed optical communications. Moreover, the
extreme versatility of lasers has expanded research into unique applications such as
laser-enabled linear particle accelerators [3], laser fusion experiments [4], increased
sensitivity for the search of extra-terrestrial life [5] and laboratory built black-holes [6].
Thus, lasers still present an exciting field, producing the same distinct feeling they

instilled in researchers at their inception.



One of the broad classifications of lasers is based on the mode of operation. Lasers can
function in a continuous—wave (CW) or pulsed regime. In the CW mode, the laser
output power remains constant over a period of time. The first CW laser operation was
demonstrated in 1960 in a Helium-Neon (He-Ne) laser [7]. While this laser worked at a
wavelength of 1153 nm, the visible operation wavelength at 632.8 nm is preferred for
many industrial and scientific uses. By virtue of the good beam quality, low-cost and
stable CW output, visible He-Ne lasers are used for laboratory demonstrations,
integrated bar-code readers, optical disc readers, and for alignment purposes in laser
surgery and industry. CW lasers also initiated the important field of laser material

processing based on linear absorption processes in materials.

High power CW CO; lasers have been extensively used for laser cutting and welding,
with lower power lasers used for metal marking [8]. CO, lasers are also used for
surgical applications by virtue of the water absorption at their operating wavelength of
10.6 pm. The preference for CO; lasers has however reduced over the years because of
the expensive constituents including the use of Helium in the system.

Another class of CW lasers, namely semiconductor lasers, is prevalent in a wide variety
of applications including fibre-optic communication, as pump sources for other laser
systems to everyday use such as laser-printers, laser-pointers, hand-held bar-code
scanners and compact disk drives. Thus, CW lasers have a major impact in many

applications.

However certain fields require high peak power laser operation, thereby leading to
advances in pulsed lasers. For example, the high irradiances in pulsed lasers have
enabled material processing with sub-micron features by virtue of nonlinear absorption
processes. In the pulsed regime, the laser output consists of periodic pulses with the
pulse durations ranging from nanoseconds to attoseconds. Pulsed operation in lasers is
commonly achieved by either Q-switching or mode-locking, with their pulse durations
differing accordingly.

Pulses with durations of the order of nanoseconds (ns) are obtained by the technique of

Q-switching, where, the cavity quality factor or Q-factor is modulated by a variable



attenuator to produce pulses with high peak powers. Due to the high instantaneous

powers obtained by this process, Q-switching is also termed as ‘giant pulsations’ [9].

Lasers with their pulse durations of the order of picoseconds (ps) to femtoseconds (fs)
and rightly termed as ‘ultrafast lasers’, are typically achieved by the technique of mode-
locking [10]. In this technique, a phase relationship is established between longitudinal
modes to produce a train of short pulses. Compared to Q-switching, mode-locked lasers
are characterised by higher pulse repetition rates, peak powers and shorter pulse
durations. Recent advances in the field of short-pulse generation have led to laser pulses
of even shorter durations of the order of attoseconds, which corresponds to 107%
seconds. Short duration pulses allow the study of dynamic processes which occur at a
similar time scale, resulting in the field of ultrafast laser spectroscopy. Depending on
the duration of the laser pulses, the branch of study varies from ns to attosecond
spectroscopy. Attoscience, a burgeoning field only just over a decade old, involves the
study of some of the fastest physical events such as those existing in atoms and
molecules, by the use of attosecond pulses. Such short duration pulses are obtained by
higher harmonic generation, where integer multiples of the incident light frequency are

produced by nonlinear processes [11].

Research spanning half-a-century and more has facilitated laser operation in a large
number of gain media, with their application dependent operating wavelength, ranging
from soft X-rays to the far infrared region of the electromagnetic spectrum. Based on
the gain material used, lasers are categorised as gas-lasers, liquid-lasers and solid-state
lasers. A broad classification can also be made based on the operating wavelength.
Visible lasers, whose wavelengths fall in the 400 nm - 700 nm range, find useful
applications in spectroscopy, laser medicine, interferometry, holography, to name but a
few. He-Ne lasers, the most commonly used gas laser, fall in this category. The lasers in
the lower wavelength end of the visible spectrum are termed as blue lasers. In addition
to Helium-Cadmium and Argon-ion lasers, this wavelength region is dominated by
semiconductor lasers based on Gallium Nitride (GaN) [12] and Indium Gallium Nitride
(InGaN) [13]. These lasers find important uses in colour displays and compact disk
memories. The use of the shorter wavelength ~405 nm in Blu-ray discs facilitates

greater density data storage.



Another important laser operating in the visible region of the spectrum is the dye laser,
which typically incorporates liquid-based fluorescent dyes as the gain medium.
Additional features of these lasers include short-pulse generation and wavelength
tuneability, facilitated by the broad emission spectra of the fluorescent dyes. In fact, the
first sub-100 fs pulses were demonstrated in a Rhodamine-6G dye laser producing 90 fs
pulses [14], and subsequently, 27 fs pulses [15]. In the early 1990s, dye lasers were
replaced by solid-state lasers by virtue of their compact size, efficient operation and
long life. The predominant solid-state laser used Titanium (Ti) doped Sapphire as the
gain medium, which was capable of room temperature operation, with a wide
tuneability from 650 to 1100 nm and capable of producing sub-6 fs pulses [16]. In
addition to Ti: Sapphire lasers, the near-infrared (NIR) region of the electromagnetic
spectrum is dominated by other solid-state laser materials, a major example being the
Neodymium (Nd) doped YAG laser which works at a wavelength of 1064 nm. Nd:
YAG lasers have a compact configuration well-suited for an industrial environment, and
find important applications in medicine and manufacturing. With a shorter operation
wavelength compared to CO; lasers, Nd:YAG lasers offer higher absorption for metals
such as copper and aluminium, and are used extensively for large-scale material
processing [8]. Nd-doped materials have a four-level laser system, wherein, population
inversion can be achieved at low powers unlike three-level lasers. A low operation
threshold is possible since the lower laser level in Nd is situated well above the ground
state so that it can de-populate quickly by multi-phonon transitions. Further application
regimes of NIR solid-state lasers include range-finding, laser target designation,

surgery, research and frequency doubling to form visible laser sources.

Laser diodes based on InGaAsP, AlGalnP and AlGaAs semiconductors, which work in
the NIR region, are used as pump sources for other laser systems facilitating the
development of compact, all-solid-state lasers, suited to industrial environments. In
addition, laser diodes and vertical cavity surface emitting lasers, with operating
wavelengths in the telecom region ~1550 nm are an integral part of long-haul fibre-

optic communication systems.

Fibre lasers, one of the by-products of the telecommunication revolution, and an
exemplary example of developments in laser architecture, have also complemented
solid-state laser development. An optical fibre is a cylindrical structure consisting of a

core region surrounded by a lower index cladding. Transmission of light within the



small cores allows highly stable and rugged laser systems in comparison to bulk laser
systems. For instance, in the field of micromachining, fibre lasers have ousted the
predominantly used CO, lasers by virtue of their superior features of easy beam delivery
and stable operation. Fibre lasers have also facilitated development of novel gain media

such as Ytterbium (Yb) doped laser systems, which constitutes a three-level laser.

Laser sources in the mid-infrared (MID-IR) region, which find uses in laser
spectroscopy and remote sensing, include chromium doped ZnSe and ZnS, and quantum
cascade lasers. In the ultraviolet (UV) region of the electromagnetic spectrum, the
available laser sources include excimer lasers, which, in spite of its poor beam quality,
are used in semiconductor manufacturing and laser surgery. And, corresponding to the
far end of the electromagnetic spectrum with the lowest wavelengths possible, we have
X-ray lasers, which have applications in dense plasma research, X-ray microscopy, and

medical imaging.

In this very broad range of operating wavelengths possible for lasers, the NIR region of
the electromagnetic spectrum around 1 um is an important wavelength for a number of
vital applications. This wavelength region corresponds to where water absorption is low
(~ 0.17 cm™) [17], thereby making it an important wavelength for medical diagnostics
and biological imaging [18]. Ultrafast lasers operating at a central wavelength around 1
pum find important applications in laser micromachining [19] and biomedicine. In
addition, lasers with repetition rates > 1 GHz find important applications for frequency
comb generation [20], and optical sampling [21]. Figure 1.1, reproduced from Ref. [22]
provides an indication of the wide and overlapping application routes of different laser
architectures with their operating wavelength in the NIR region of the electromagnetic

spectrum.
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Figure 1. 1. Plot of peak power versus average power for a range of ultrafast laser
oscillator technologies. Also included are indicative application areas placed in
appropriate regions of laser performance. Table 1.1 shows the performance of the
sources indicated. Reproduced from Ref [22].

Table 1. 1 .The key for Figure 1.1 which plots the trend in laser architectures in the NIR
region. Reproduced from Ref [22].

Type Symbol | P, ,(W) | P, (kW) | T(fs) | PRF(MHz) | M(nm)
Solid state . 0.45 90 60 80 870
(typical)

Solid state 0.33 1300 250 1 1040
(cavity -

dumped)

Solid state A 141 2800 738 60 1030
(thin disc)

Semiconductor - 0.045 0.006 400 2x 104 1260
(monolithic)

Semiconductor . 0.125 0.315 300 1x103 830
(VECSEL)

Fiber . 0.33 100 85 20 1030
Fiber (PCF) . 12 1200 115 84 1030




With regard to this wide application domain surrounding 1 um, the wavelength specific
laser development has covered long strides, fostered by advances in laser gain media,
architectures and mode-locking technologies. The dominant gain media in the early
developmental stage include Nd: YAG and Ti: Sapphire systems. Simultaneously, a
renewed interest in mode-locking technologies was initiated due to the need for ultrafast
lasers for a variety of applications. The short pulse durations possible by mode-locking
are a pre-requisite for time resolved spectroscopic studies which provides an
understanding of fast dynamic processes, for instance, in photochemistry. In addition,
the high peak powers attainable in pulsed lasers support nonlinear processes, and
expedite corresponding applications such as laser micromachining, surgical uses and
two-photon microscopy [23].

Mode-locking in lasers is achieved by using either external means for intracavity light
modulation, termed active mode-locking, or, by incorporating intracavity elements that
introduce a self-modulation of light, also called passive mode-locking. Active mode-
locking usually employs acousto-optic or electro-optic modulators to introduce a
periodic modulation in the cavity which is synchronised with the cavity round-trip time.
The resultant pulses have typical durations of the order of ps, limited by the speed of the
driving electronics. Passive mode-locking, on the other hand, utilises a saturable
absorber (SA) within the laser cavity, with the SAs experiencing a low absorption or
attenuation for higher pulse irradiances. The use of SAs is much simpler, with no
driving or synchronisation circuits like in active mode-locking. Passive mode-locking
allows the generation of fs pulses since the loss modulation by an SA occurs on a much
faster timescale compared to electronic modulators, and is therefore preferred over

active mode-locking for fs pulse generation.

For the operation wavelength of 1 um, passive mode-locking was first demonstrated in
an Nd: glass laser incorporating a dye SA [24]. However, the mode-locked operation
was accompanied by simultaneous Q-switching, where the ultrashort mode-locked
pulses have an additional modulation under a Q-switch envelope that occurs at a lower

repetition rate, of the order of ~kHz.

A breakthrough in ultrafast laser development occurred with the demonstration of Kerr
lens mode-locking (KLM) by Wilson Sibbett’s research group at St. Andrews
University, in Ti: Sapphire laser to produce 60 fs pulses [25]. KLM works by the
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principle of nonlinear self-focusing within the gain medium in order to form an artificial
SA. Sub-10 fs mode-locked pulses were possible with this technique soon after [26],
with the additional key advantages being high laser stability and system compactness.
An alternate passive mode-locking device with a real SA based on semiconductor
technologies was developed in 1992 in Bell Labs led by Ursulla Keller. Semiconductor
Saturable Absorber Mirrors (SESAMs) [27] comprise of Bragg mirrors on a
semiconductor wafer with a wavelength specific quantum well absorber forming the top
layer. Bandstructure engineering in SESAMSs allows precise control over the SA
parameters such as saturation fluence, modulation depth, recovery time and operating
wavelength, allowing all-solid-state laser development at high average output powers
[28] and laser repetition rates [29].

The development of low propagation loss fibre structures as gain media brought about a
new phase in laser development for 1 um. Optical fibres confine light within small cores
preserving light intensities over large distances and thereby allowing laser operation
with high efficiency and beam quality. The need for a four-level laser system to
facilitate efficient lasing at a low pump threshold was no longer necessary merely by
virtue of the fibre geometry. This kindled interest in Yb-doped systems, which have a
quasi-three-level laser scheme where the lower laser level corresponds to the ground
state. This simple energy level series of Yb precludes any excited state absorption and
concentration quenching in the system. Also, the quantum defect, defined as the energy
difference between the pump and signal photons, is low ( <10%) in Yb-doped lasers
[30]. These two points contribute to high efficiency of operation in these systems, and
the feature of power scalability. Ultrafast operation in fibre lasers is facilitated by SAs
that can be integrated within the fibre systems. In addition to SESAMs, relatively
recently, one dimensional (1-D) and two dimensional (2-D) forms of carbon, namely,
carbon nanotubes (CNT) [31, 32] and graphene [33, 34] have emerged as novel SAs
with sub-ps recovery times, mechanical and environmental robustness, and are well-
suited to a range of laser designs especially fibre lasers [35]. Single layer graphene
consists of a monolayer of carbon atoms in a 2-D honeycomb lattice. A 1-D rolled up
graphene constitutes single-walled CNT [36]. For CNTSs, the operation wavelength for
saturable absorption is dictated by the tube diameter. In graphene, absorption is
wavelength independent by virtue of its linear dispersion relation, dubbing it a

‘universal’ SA.



1.2 Waveguide Lasers

Currently, research in the field of ultrafast laser development is also focused towards
compact, highly efficient systems, made possible by advances in laser architectures.
These include thin-disc, fibre and waveguide lasers. In a thin-disc laser, the gain
medium is such that its thickness is less than the diameter of the laser mode. A high
reflectivity mirror coated onto one face of the disc forms one of the cavity mirrors. This
surface is also attached to a heat sink, thereby improving the cooling efficiency of the
system. These laser systems are therefore effective in high power operation, reporting
an average power more than 25 kW for CW operation [37]. Power scalability is an
important feature also in fibre lasers, with achieved CW output power of ~10 kW [38].
Usually, a double-clad fibre structure is used, with the laser signal guided along the

core, and the pump guided along a second core surrounding the first.

There is also interest in lasers based on planar and channel waveguides, fuelled by
advances in compact photonic devices brought about by the concept of integrated optics
[39]. While they cannot compete with the advancements in fibre and thin-disc laser
technologies in terms of power scalability, they present an attractive source for low-
power laser applications requiring a smaller footprint [40]. Figure 1.2 (a) shows the
schematic of a planar waveguide laser, which consists of a planar region of refractive
index ny, sandwiched between regions of refractive indices n, and nz, with ny > ny, ns. In
this case, the light is confined in only one direction, indicated by the plane with
refractive index n;. In a channel waveguide, depicted in Figure 1.2 (b), light is confined
in two directions as in a fibre by having the guiding region with refractive index n; in
the form of a channel or a ridge, and n; > ny, n3. The waveguide supports a finite

number of allowed modes, each with a distinct distribution of spatial energy.



ny - oore (ny) n; core (n)
2
cladding (n,) Cladding (n,)
(a) Planar Waveguide (b) Channel Waveguide

Figure 1. 2. (a)A planar slab waveguide. (b) A channel waveguide. The region with
refractive index n; forms the guiding region with ny > ny, n3

The behaviour of electromagnetic waves within the waveguide can be described by the
following wave equation, derived from Maxwell’s equations in a non-magnetic, non-
conducting medium [41].

0%E(r)

VZE — 2
(1) = &Mon otz

(1.1)

where E is the electric field vector, g, is the permittivity of vacuum, p, is the
permeability of vacuum and n is the refractive index of the medium. When subject to
boundary conditions such as that existing in a waveguide, the solutions to this equation

give information about the allowed propagation modes,

E(r,t) = Eo(r) exp(ifz — iwt) (1.2)

where [ is the propagation constant and w is the angular frequency of the propagating
wave. Substituting this equation into equation (1.1) for a Cartesian coordinate system,

we obtain:

VZE(x,y) + [k*n’(x,y) — B*]E(x,y) = 0 (1.3)

where B = n.rrk, Where n.sr is the effective index of the mode. The solutions to
equation 1.3 describes the guided waveguide modes, with a direct relationship between
the field distribution of the guided modes E(X, y) and the cross-sectional refractive index
profile n(x, y). For allowed waveguide modes, the condition kin? > B2 > kan3 is
satisfied, where k, = 2m /A, ny and n, are the refractive indices of the core and cladding

respectively and A is the wavelength of light.
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The nature of the propagating modes is characterised by the physical dimensions of the
waveguide. The number of allowed guided modes in a waveguide is governed by the V
parameter or normalised frequency given by

V = kga /nf —n3 (1.4)

where a is the core radius. The waveguide have a cut-off value of V=2.4048, which
corresponds to the shortest wavelength for which single mode propagation is allowed in

the waveguide.

Waveguide lasers including fibre lasers, for which the gain medium tightly confines the
beam within the core, present several advantages over other solid-state laser
architectures. The high surface area to volume ratio in waveguides allows high
efficiencies and improved cooling in waveguide lasers compared to bulk lasers. Also,
the waveguiding nature allows good mode overlap between the pump and signal beams.
Diffraction limited beam quality can be achieved by having single mode guidance. In
the case of channel waveguides, the possibility of high gain, short cavity systems
allows high repetition rate mode-locking. Waveguide systems are predominantly
fabricated by thin-film technologies such as flame hydrolysis deposition, chemical
vapour deposition and pulsed laser deposition assisted by photo-lithography. Other
fabrication techniques include ion-exchange and in-diffusion techniques [42].

In comparison, a flexible waveguide fabrication technology is Ultrafast Laser
Inscription (ULI) [43]. In ULI, a fs pulse train is focused within the sample to induce
nonlinear absorption processes, which result in energy transfer to the lattice. Under
correct inscription conditions, a local permanent refractive index change can be
achieved. The attained modification can be extended along an arbitrary path by
translating the sample or the beam, with three-dimensional (3-D) flexibility, which is

one of the most important characteristics of this technique.

When a positive refractive index change is attained at the focal volume and extended
along the sample length, the modified region forms the core of a straight line channel

waveguide with the surrounding unmodified region constituting the cladding. The
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typical refractive index change possible in a ULI waveguide is of the order of ~0.5%
[44] compared to ~3% in optical fibres [45]. This results in poor confinement of the
guided mode which is compensated to some extent by increasing the dimension of the
waveguide. The low refractive index contrast has an adverse effect on complex photonic
circuitry including waveguide bends. The limiting bend radius in ULI waveguides is of
the order of ~20 mm, compared to R< 1 mm possible in fibres [45, 46]. In spite of these
limitations, ULI has emerged as a stand-alone technology with unique applications.
First demonstrated in 1996 [47], waveguide fabrication by ULI is now possible in a
wide range of materials [43]. While the initial research focused on passive waveguide
devices such as directional couplers and splitters for integrated circuits at the telecom
wavelength, the versatility of the technique has been extended in order to develop
waveguides in active materials for laser applications [48]. Just over 15 years old, ULI
has immense application potential in terms of compact laser source development. The
advantages and limitations of various laser gain media and mode-locking technologies
studied over the years provide a better understanding of potential merits and demerits

for developing new laser technologies.

1.3 Motivation of the thesis

The development of compact, highly efficient, ultrafast waveguide laser systems based
on ULLI serves as the motivation for the work described in this thesis. The technique of
ULI allows low propagation loss waveguide structures in an unprecedented variety of
materials including glasses, crystals and ceramics [43]. This key feature, which can be
utilised for active and passive device geometries, is at the heart of the work presented in

this thesis.

With regard to the large number of applications at 1 um, which interestingly also
includes ULL, the thesis explores a new Yb-doped material composition for ULI-based
waveguide laser systems. The possibilities of power scalability and high-repetition rate
ultrafast operation are investigated based on existing mode-locking technologies.
Finally, the versatility of the ULI method is exploited to fabricate a passive device
geometry to improve the functionality and efficiency of existing mode-locking
technologies.
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1.4 Thesis Outline

The thesis is organised as follows:

Chapter 2 introduces the topics relevant to understand the work presented in this thesis.
The technology of ULI is presented including the underlying nonlinear processes and
consequent material modification regimes. The laser inscription setup used for the work
described in subsequent chapters is also detailed.

Chapter 3 provides a brief review of active photonic devices fabricated by ULI
technology. The widely used active rare-earth ions, namely, Nd, Yb and Er, and their
unique spectroscopic properties are discussed. Ultrashort pulse generation based on SA
technologies, such as SESAM, CNTs and graphene are also presented. The final section

provides a concise review of ULI waveguide lasers reported over the years.

Chapter 4 introduces the gain material used for the work, namely, Yb-doped bismuthate
glass. The suitability of the glass for ULI waveguides is studied extensively, using a
wide range of inscription parameters. The ULI-induced material modification in the
glass is analysed using microluminescence studies. A compact, linear cavity waveguide
laser is obtained from the corresponding optimal waveguide, with a high slope

efficiency close to the quantum defect limit.

Chapter 5 outlines nonlinear optical characterisation of graphene at 1 pm for
subsequent passive mode-locking of the Yb-doped bismuthate glass waveguide laser.
The saturable absorption in the material is studied in terms of the operation wavelength
and number of graphene layers, to derive the key SA parameters of saturation fluence,

modulation depth and non-saturable losses.

Chapter 6 investigates the feasibility of passive mode-locking in the linear laser cavity
featuring Yb-doped bismuthate glass waveguide as gain element. The compact cavity
configuration is maintained by the incorporation of a SA in the Fabry-Perot cavity. The
SAs used for the study include semiconductor materials, CNT and graphene. High
repetition rate mode-locked pulses are achieved from the cavity, with simultaneous Q-

switching. Power scalability from the cavity is also studied.
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Chapter 7 explores the versatility of ULI to fabricate a novel waveguide geometry for
passive mode-locking by evanescent-field interaction of light with a SA. The design
comprises orthogonal waveguides in a substrate, with their points of intersection lying
along the angled facet of the chip. A suitable SA introduced at this angled facet
facilitates effective evanescent-field interaction allowing passive mode-locking in a
laser cavity incorporating the chip. The geometry was inscribed in a EAGLE glass
substrate coated with CNT and incorporated in an Er-doped fibre ring laser to produce
mode-locked pulses. The feasibility of a compact ultrafast waveguide laser in Yb-doped
Bismuthate glass is also investigated by replicating this right angled geometry in the

active substrate.

Chapter 8 details the conclusions achieved from the discussed work and the proposed
future plans. A limitation observed with the linear cavity waveguide laser, namely,

fibre-fuse effect is discussed.

1.5 Summary

The work presented in this thesis explores the application of ULI for novel photonic
device fabrication. Low-loss waveguide fabrication is investigated in Yb-doped
bismuthate glass to be used afterwards in an integrated waveguide laser. The key
features of the resultant laser include the inherent compactness, high efficiency and the
potential for monolithic device application. High-repetition rate pulsed operation is
investigated using SAs based on semiconductor technology and carbon nanostructures.
The remaining part of the thesis focuses on the applicability of ULI for a novel right-
angled waveguide device with the advanced functionality of efficient CNT mode-

locking.
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Chapter 2— Ultrafast Laser Inscription

2.1 Introduction

ULI is fast becoming a powerful tool for novel photonic device fabrication, with the
possible applications ranging from passive optics and active devices to monolithic lab-
on-chips (LOC) having varied functionalities. This chapter introduces the technology of
ULI, including the underlying principles and the different structural modification
regimes. A description of typical lasers used for ULI is also given, including the one

used for the presented work.

ULI was first demonstrated by Davis et al. in 1996 [47]. They reported femtosecond-
laser-enabled fabrication of a 3-D optical waveguide in silica glass. The laser-processed
material was characterised by a refractive index increment within the substrate, thereby
forming the core of the waveguide. Since this first demonstration, ULI has been widely
studied in a variety of transparent substrates, for a number of applications [43, 49, 50].
Passive device applications extensively employ fused silica and borosilicate glass, for
applications such as power splitters, couplers and fan-out devices [49]. For active
devices, glass hosts allowing a higher active ion solubility than silica and borosilicate
are preferred. Phosphate glasses and bismuthate glasses doped with Er and Yb:Er,
having gain and laser operation in the telecom C-band have been demonstrated [49].
ULI-based waveguide lasers and amplifiers have also been demonstrated in laser
crystals and ceramics [51, 52]. Femtosecond laser micromachining of transparent
substrates relies on strong nonlinear absorption leading to localised energy deposition
within the material. The resultant permanent modification within the material depends
on the properties of the incident laser pulse, the substrate under study, and other
experimental conditions such as focusing optics and sample translation system. The
basic schematic of a ULI rig is given in Figure 2.1. It consists of an ultrafast laser
system, with the laser pulses directed through appropriate optics before being focused

inside the substrate, which is placed on a high-precision x-y-z translation stage.
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Ultrafast Pulse train

Focusing optics

Figure 2. 1. Schematic of a typical ULI rig. The setup consists of an ultrafast laser
which is focused within the sample using a microscope objective. The high irradiance
achieved at the focus results in material modification by virtue of nonlinear absorption
processes. This modification can be extended along any arbitrary 3-D path within the
sample using the x-y-z translation stage.

2.2 Introduction to Nonlinear Optics

When an oscillating electromagnetic field is incident on a dielectric, it primarily
interacts with the valence band electrons within the material to form electric dipoles.
The induced polarisation of the material, defined as the dipole moment per unit volume,
is dependent on the electric field of the light falling on it. For low intensity light
sources, the electric field, this is weaker than that binding the electrons to the atoms,
results in only small perturbations in the atomic electric field. The resultant material
polarisation therefore experiences a linear relationship with the electric field of the light.
The polarisation of a material in the case of conventional or linear optical regime is

given by [53],

Piinear(t) = g0 xVE () (2.1)
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where ﬁlinear is the polarisation, E(t) is the electric field of the incident light, y@ is

the linear susceptibility of the medium and &, is the permittivity of free space. Piinear 1S
responsible for effects such as diffraction, dispersion and refraction. The refractive
index (ng), dielectric constant (g) and linear susceptibility of the medium are further

related by the equation,

n=e=1+yxW (2.2)

Before the advent of lasers, light-matter interaction was considered to be linear, with the
optical properties of the material remaining consistent regardless of the irradiance of the
incident light. However lasers allow light irradiances much higher than that achieved
before. Thus, with the incident electric field strength now comparable to the atomic
fields, the optical properties of material systems were found to depend on the irradiance
of the incident light in a nonlinear manner, resulting in the field of nonlinear optics [54].
In nonlinear optics, the expression for the polarisation can be generalised using a Taylor

series, given as,

-

Prontinear = PO+ p@ 4 pO ...y p) (2.3)

—

Pnonlinear =& X(l)ﬁ(t) + SOX(Z)EZ (t) + & X(B)EB(t) +t+ & X(n)ﬁn(t) (2-4)

The quantities P, P2, pG) and P(™ are known as the first-, second-, third-, and n-th
order polarisation terms, respectively. Similarly, y® y®and y™ are the second- ,
third- , and n-th order nonlinear optical susceptibilities. The susceptibility terms are
tensors due to the vectorial nature of the fields. When the electric field of the incident
light becomes comparable to the inter-atomic electric field, the higher order polarisation
terms become important. The contributions from the time-varying polarisation terms

appear in the form of various coherent optical frequency mixing effects.
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2.2.1 Second-Order Nonlinear Polarisation

Second-order polarisation is the lowest order of nonlinear polarisation possible in a
material. It arises from the ¥ nonlinearity, which occurs only in crystals with a non-
centrosymmetric structure. This can be attributed to the tensor form of y®); where,
symmetry conditions dictate the tensor components to be zero in centrosymmetric
crystals. The resultant polarisation has a quadratic dependence on the electric field of
the incident light and is given by,

P® = ¢, y@E2(t) (2.5)

Second-order polarisation in materials results in nonlinear frequency conversion effects,
examples being second harmonic generation, sum and difference frequency generation,
optical rectification, parametric amplification and oscillation. In fact, the first nonlinear
process to be demonstrated was second harmonic generation, or frequency doubling, in

which light with twice the incident frequency was generated [54].

2.2.2 Third-Order Nonlinear Polarisation

Third-order nonlinear polarisation arises as a result of ¥® nonlinearity, and occurs in

all media. It is given as,

P® = g xPE3(t) (2.6)

The real and imaginary parts of xy describe nonlinear refraction and nonlinear
absorption respectively. Other nonlinear processes that occur as a result of third-order
polarisation include the optical Kerr effect, third-harmonic generation, and stimulated
scattering effects [53]. The nonlinear processes driving ULI include nonlinear

absorption, and will be discussed in the next section.

2.3 Nonlinear Excitation Mechanisms in ULI

In ULI, a permanent material modification is induced inside transparent substrates by
focusing ultrafast laser pulses to a desired depth. Since the material under study is
transparent to the incident light, it means that a single photon energy is insufficient to

promote a valence band electron to the conduction band. Therefore, light absorption
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occurs via nonlinear excitation mechanisms, caused by the high irradiances of the
focused ultrashort pulses. This is followed by the transfer of the absorbed energy to the

surrounding lattice resulting in permanent structural modifications.

There are two proposed routes to nonlinear absorption in transparent materials, namely,
photoionisation and avalanche ionisation [55, 56]. The probability of occurrence of each
or both to induce material modification depends on the laser parameters as well as the
material properties. Deterministic laser parameters include the operating wavelength,
irradiance and pulse durations, whereas the vital material parameter is its energy

bandgap.

2.3.1 Nonlinear Photoionisation

Nonlinear photoionisation refers to the direct excitation of a valence band electron to
the conduction band by nonlinear absorption of the incident laser photons. Depending

on the laser irradiance and wavelength, it is of two types.

(@) Tunnelling ionisation: This occurs when light with electric field comparable to
the inter-atomic field strength is incident on the material. In such a situation, the
strong incident field is capable of suppressing the Coulomb potential that binds
the valence band electron to its parent atom, such that, the bound electron can
now tunnel from the valence band to the conduction band. This is illustrated in
Figure 2.2 (a). Tunnelling ionisation occurs for optical frequencies much lower

than that required for linear absorption.

(b) Multiphoton ionisation: At high optical frequencies, simultaneous absorption of
multiple photons can excite an electron from the valence band to the conduction
band, as shown in Figure 2.2(b). In this case, the total photon energy must

exceed the material bandgap, the condition being given by

mhv > E, (2.7)

where m denotes the number of photons absorbed, h is the Planck’s constant, v
is the incident laser frequency and E, is the bandgap of the material.

Multiphoton ionisation occurs at higher laser frequencies close to the material

bandgap since the number of photons required to free a bound electron is less
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than that needed for lower laser frequencies. Also, the probability of

multiphoton ionisationP (I),p;, depends on the light intensity (I) by the relation,

P(Dmpr = o™ (2.8)

where m is the number of photons absorbed and o, is the multiphoton
absorption coefficient. Compared to this, tunnelling ionisation scales more
weakly with incident laser intensity.
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Figure 2. 2. Potential energy (E) versus distance (r) graphs for the various
nonlinear photoionisation routes within a femtosecond laser-irradiated
material. (a) Tunnelling ionisation (b) Multiphoton ionisation (c) Combination
of both tunnelling and multiphoton ionisation.

Thus, the probability of tunnelling ionisation and multiphoton ionisation can be
described in terms of the laser field intensity and frequency. Both the processes occur at
high laser intensities, typically achieved during fs laser interaction with dielectrics and
in fact, compete with each other. For high field strengths and photon energies close to
the bandgap, multiphoton ionisation dominates, whereas for moderate laser field
strengths and when the photon energies are much lower than the material bandgap,
tunnelling ionisation takes over. A theoretical framework put forward in 1965 by
Keldysh [57] can be used to determine the predominant ionisation mechanism and the
transition between them, on the basis of y, the Keldysh parameter. y is given by the

expression,
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where w is the laser frequency, I is the laser irradiance, E, is the material bandgap, n is
the refractive index, c is the speed of light, ¢, is the permittivity of free space and, m
and e are the reduced electron mass and charge. Tunnelling ionisation dominates when
vy < L.5. For y > 1.5, multi-photon ionisation dominates. Finally, for y = 1.5, the

ionisation process is a combination of the two, as given in Figure 2.2 (c).

2.3.2 Avalanche lonisation

Avalanche ionisation can be considered to be a sequence of two processes, namely,
free-carrier absorption and impact ionisation [58]. The pre-requisite to this process is
the presence of free electrons in the conduction band, which are also called ‘seed
electrons’, since they ‘seed’ the avalanche process. Once the electron is in the
conduction band it can linearly absorb incident laser photons in a sequential manner and
promote itself to even higher energy levels within the conduction band. This process is
accompanied by phonon-assisted transitions in order to conserve energy and

momentum.

For situations where m photons have thus been sequentially absorbed, such that, the
criterion, mhv = Ej; is satisfied, then the conduction band electron possesses a final
energy greater than the bandgap of the material. This electron can then ionise a bound
electron in the valence band by collisions, resulting in two electrons in the conduction
band minimum. This is illustrated in Figure 2.3. The two free electrons can then
sequentially absorb m photons each, to attain energies greater than the material bandgap
and further impact ionise two more valence band electrons resulting in four free
electrons. This process can continue as long as the incident laser irradiation is present,

resulting in an avalanche of electrons, and hence the name.
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Figure 2. 3. Potential energy (E) versus distance (r) curves for avalanche
photoionisation within a femtosecond laser-irradiated material.

The type of photoionisation process occurring in a laser-matter interaction depends
indirectly on the pulse duration of the incident laser. For laser pulses with same average
power, ps to ns durations have lower peak irradiances compared to fs pulses, thereby
reducing the probability for multiphoton and tunnelling ionisation. The probable
absorption mechanism is then avalanche ionisation. The initial seed electron required to
feed the avalanche process depends on the presence of impurities in the materials.
Impurities and defect sites in materials can introduce real energy levels within the
material bandgap allowing linear absorption processes to promote a valence band
electron into the conduction band. In the case of fs laser interaction, the high pulse
irradiances initiate nonlinear photoionisation processes to generate free electrons in the

material. Subsequent photoionisation occurs by avalanche ionisation.

There are distinct differences between material ionisation in the different pulsed laser
regimes. In the case of ps to ns duration laser pulses, the ionisation process depends on
the presence of impurities or defects, which are always present in arbitrary amounts in a
given material. The resultant energy deposition is also random, allowing no
repeatability to the process. For fs pulses however, the electrons in the conduction band
are generated in a deterministic fashion by nonlinear photoionisation processes. This
allows the monitoring of energy deposition within the material bulk in a reproducible

way. In fact, this serves as the main reason for employing fs lasers for ULI.
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2.4 Energy Transfer Mechanisms

The various nonlinear excitation processes thus result in the generation of a large
number of free electrons in the conduction band, termed as free electron plasma. This
free electron plasma possesses a characteristic resonant plasma frequency given by [59],

= Ne? 2.10
Wp = o (2.10)

where w,, is the plasma frequency, N is the number of free electrons, m and e are the

reduced mass and charge of an electron, and ¢, is the permittivity of free space. Incident
light with angular frequency below the plasma frequency will be totally reflected,
whereas, when its frequency matches the plasma frequency, the incident light energy is
highly absorbed in the high density plasma by free-carrier absorption. Thus, in order for
the incident laser energy to be absorbed by the substrate, the incident laser frequency

must match the plasma frequency.

Following laser irradiation, the energy absorbed by the plasma is transferred to the
lattice by thermal diffusion. In the case of fs laser pulses, the nonlinear absorption
occurs on a time scale of the pulse duration, which is much shorter than the ps timescale
required for thermal diffusion. Therefore, during laser irradiation, the material remains
in a highly nonequilibrium state where, hot dense electrons with temperatures much
higher than the surrounding ions are present within a cold lattice. The main energy
transfer routes after this laser irradiation are electron-ion collisions on a ps timescale
and recombination of electrons with ions on a ns timescale, finally leading to a thermal
equilibrium. Most importantly, these processes manifest as different types of permanent

material modifications in the irradiated volume, as discussed in the next section.

2.4.1 Material Modification Regimes

Energy transfer from the high density plasma to the surrounding lattice can be produces
various forms of material modification. These can be broadly classified into three types:
isotropic refractive index change, birefringent refractive index change, and void

formation [49].
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(@) Isotropic Refractive Index Change: At pulse energies just above the
modification threshold of the material, an isotropic regime of modification is
observed in the laser irradiated region, characterised by a refractive index
variation which can be either positive, negative or a combination of both. This
regime of laser exposure is typically used for ULI based waveguide fabrication.
The physical processes governing this material modification are not fully
understood. However, a number of theories have been proposed to explain this
material modification, including colour centre formation, a thermal model and
photostructural change [59]. The final refractive index change induced by ULI is

considered to be due to contributions from all these mechanisms.

Colour centres refer to point defects in a crystal lattice that produces optical
absorption bands in an otherwise transparent crystal and may be naturally
occurring, or incorporated during growth. These can also be caused as a result of
light absorption. In the case of ULI, the nonlinear absorption mechanisms
leading to the generation of free electron plasma are considered responsible for
the creation of colour centres. These laser-induced substrate defects can
contribute to a refractive index variation through a Kramers-Kronig mechanism
[60]. This mechanism is however considered to be only a contributing process to
refractive index variation since removal of these defects by annealing does not

recover the original index.

Another proposed theory for refractive index variation is a thermal model [60].
During ULLI, fs laser irradiation is confined to the small focal volume, in turn,
confining the region of thermal gradient. The rapid cooling of the lattice after the
laser exposure can manifest a change in material density or refractive index. A
third mechanism is laser-induced structural modification such as rearrangement

of chemical bonds in glass structures leading to a density variation.

(b) Birefringent Refractive Index Change: In certain substrates such as fused silica
and Foturan glass, structural change induced by ULI are in the form of
nanogratings whose alignment depend on the incident laser polarisation [61].
These nanostructures are characterised by their periodic nature, resulting in a

birefringent refractive index change, and are always oriented perpendicular to
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the electric field vector of the linearly polarised inscription laser. This is

illustrated in Figure 2.4.

A few mechanisms have been put forward to justify the formation of these
periodic nanostructures. According to Shimotsuma et al., an interference effect
between the electric field of the incident laser beam and that of the free electron
plasma can result in a periodic variation in the plasma concentration, and
thereby result in such periodic nanostructures [62]. An alternate theory by
Hnatovsky et al. suggests the growth of free electron plasma into disc-shaped
nano-plasmas, with certain waveguiding effects within them providing them

with their inherent periodicity [61].

The most important feature of these periodic nanostructures is their enhanced
chemical etch rate in the presence of a suitable etchant such as hydrofluoric acid.
This applicability is extremely valuable for microfluidic device fabrication [61,
63-65].

(c) Void Formation: At very high laser irradiances, an extremely large amount of
energy is deposited in the small focal volume. The high pressure within the free
electron plasma at the focus results in microexplosions, which are manifested as
low density voids surrounded by a high density shell of material [66]. Such void
formations find useful applications in optical memory devices [60].

Figure 2. 4. Scanning electron microscope (SEM) images of nanogratings
formed by ULI in fused silica. (a) The laser polarisation is parallel to the scan
direction (b). The laser polarisation is perpendicular to the scan direction (c).
Image demonstrating polarisation selective etching in the material with parallel
(top), 45° (middle), and perpendicular laser polarisations. [61]
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2.4.2 ULI- based Waveguide Classifications

As discussed in Section 2.4.1 (a), for certain laser irradiation conditions a refractive
index change can be achieved within the substrate. These material modifications can be
extended along any arbitrary 3-D path by means of a multi-axis translation stage used in

the inscription setup, as shown in Figure 2.1.

If the fabrication conditions are optimised so that a refractive index increase is achieved
at the focus, the laser processed region forms the core of a waveguide, as shown in
Figure 2.5 (a). Such waveguides fabricated by virtue of a direct net refractive index
change in the material are termed as Type | waveguides [47, 67], and commonly
observed in glass materials. In materials where Type | modification is not feasible, such
as most single crystal and polycrystalline substrates, optical waveguides are written by
inscribing damage lines. The inscribed lines of catastrophic damage induce a strain field
in the material confined between the lines, resulting in a refractive index change via the
stress-optic effect. Such waveguides are referred to as Type Il waveguides, as shown in
Figure 2.5 (b). Materials for which this type of waveguide fabrication is used include
LiNbO; [51] and YAG [52]. Type | waveguides have significantly lower propagation
losses compared to Type II, especially since Type Il modification essentially relies on

the fabrication of highly scattering centres to create the waveguiding effect.
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Figure 2. 5. End facet optical micrograph images of ULI waveguides. (a) Type | optical
waveguide demonstrated in a silicate glass. Reproduced from [67] (b) Type Il optical
waveguide in YAG ceramic. Reproduced from Ref. [68].
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In addition to Type | and Type Il modifications, other novel inscription designs have
allowed waveguide fabrication in materials that exhibit a negative refractive index
change by ULI. These include double cladding [69] and depressed cladding structures
[70], as shown in Figure 2.6. Based on the type of material modification, namely, laser-
induced direct refractive index decrement, these structures can be classified as Type I.
However, based on the core-cladding formation for light guiding, these structures are
similar to Type Il waveguides, with the laser-processed lower density regions forming

the cladding.

The fabrication of low-loss guiding structures depends on the careful optimisation of the
inscription parameters such as the laser wavelength, repetition rate, pulse energy,
polarisation, sample translation speed and focusing optics. The following section details

these deterministic parameters for ULI waveguide inscription.

core of the waveguide is the non-irradiated Cr:ZnSe region. A negative refractive index
change due to ULI forms the cladding. The secondary outer cladding is inscribed at
higher pulse irradiances. Reproduced from Ref. [69]. (b) Optical micrograph and dark
field images of depressed cladding waveguide structures in Cr:ZnSe with a circular
cross-section. Reproduced from Ref. [70]. Field of view for the images is 100 x 150

um.
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2.5 Factors affecting ULI waveguide inscription

Optimal waveguide fabrication by ULLI is achieved by a successful interplay of a variety
of inscription parameters that depend on the inscription laser, steering and focusing
optics, translational stage parameters, and ultimately, the material under study. The first
step for any substrate involves waveguide inscription using a wide parameter range to
estimate the ideal combination that provides low insertion loss waveguides. For certain
substrates that are widely used for device applications, such as fused silica, the optimum
parameters have been long established [59]. These working parameters serve as a
platform for waveguide trials in new substrates. For a relatively new technology only
just over 15 years old, optimal ULI waveguide parameters have been established for a

wide number of substrates including glasses, crystals and polymers.

2.5.1 Material Parameters

The inherent properties of a material play an important role in the type of laser-induced
material modification possible within it, and are discussed in this section. Since the
material parameters for ULI inscription are fixed, the laser properties and other
inscription parameters such as the focusing optics and translation speed have to be
tailored according to each material in order to fabricate low loss waveguides.

Bandgap: Bandgap refers to the energy gap separating the valence band and the
conduction band in the material. The important photoionisation processes, which drive
the ULI technique, rely on the excitation of a valence band electron across this gap, and
hence, the bandgap of the material is an important parameter. Specifically, the bandgap
value along with the incident laser frequency determines the photoionisation mechanism
achieved within the material. When the material bandgap is comparable to the single
photon energy of the incident light, absorption occurs by multiphoton processes. The
probability of multiphoton ionisation reduces with the number of photons required to
bridge the gap. Thus, for incident photon energy lesser than the material bandgap,

tunnelling ionisation dominates over multiphoton ionisation.

Nonlinearity: Material nonlinearity plays a vital role in laser-induced material
modification. The high irradiances achieved at the focus of a laser pulse can drive other

nonlinear processes instead of photoionisation. For example, self-focusing and
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defocusing of the incident pulses leading to filamentation have been reported in highly
nonlinear materials such as ZnSe [71]. Filamentation can be described thus; when self-
focusing occurs for high irradiances of the incident pulse, it penetrates through the
substrate until the irradiated material ionises leaving behind a column of plasma. This
plasma contributes towards laser defocusing due to an interplay between laser-induced
self-focusing and plasma-induced dispersion effects. These processes eventually lead to
the formation of elongated structures of modified material, termed as filaments.

Impurities: The presence of impurities affects the type of photoionisation driving the
ULI material modification. Impurities or defect sites in materials can introduce real
energy levels within the material bandgap that can in turn facilitate linear absorption of
photons. The resultant material ionisation process is avalanche ionisation. For precise
laser micromachining, avalanche ionisation assisted by defect centres is not preferred
since the ionisation rate depends on the randomly distributed impurities in the system.

This makes the material modification highly erratic and non-repeatable.

Thermal Conductivity: For waveguide inscription at high laser repetition rates, where
subsequent pulses are focused within the same volume even before the energy absorbed
by the previous pulse has dissipated, heat accumulation effects occur. The accumulated
heat eventually gets dissipated after the laser exposure is over. In such situations, the
resultant material modification depends on its thermal conductivity. A material with
high thermal conductivity allows faster heat dissipation and more uniform structures

compared to a material with low thermal conductivity.

Symmetry: Certain crystals possess inherent asymmetries which affect ULI inscription.
For instance, waveguide inscription at specific laser polarisation is favoured for certain

crystals[72]. Another example is the non-reciprocal nature of ultrafast laser writing [73].

2.5.2 Laser Parameters

The properties of the inscription laser are extremely important for optimal waveguide
fabrication. As we shall see in this section, the number of parameters, after excluding
the material properties, which contribute to the laser-induced material modification, is
about eight or more. A complete waveguide fabrication study by varying all these
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parameters is not practical. Therefore, certain parameters are kept constant, such as the
laser wavelength. The typically varied parameters include the laser pulse energy and the
pulse repetition rate.

Pulse Energy: The material modification at the focal volume depends on the amount of
energy deposited within it. This is dependent on the pulse energy of the laser, which is
therefore a very important parameter. The size of the laser modified region is also
affected by the pulse energy.

Laser Wavelength: Material processing of transparent materials by ULI requires the
absence of linear absorption in the material. Therefore, the wavelength of the laser
should be such that its single photon energy is incapable of exciting an electron from the
valence band of the material to the conduction band. In other words, the energy of a
single laser photon must be less than the bandgap of the material. In addition, ULI
waveguides are found to exhibit unique wavelength-dependent properties. For example,
waveguides in fused silica appear to have a lower loss for an inscription laser

wavelength of 522 nm, compared to laser inscription at 1044 nm [74].

Laser Pulse Repetition Rate: In the case of multiple laser pulses falling in the same
focal volume, thermal accumulation plays a very important role. The typical time scale
for heat diffusion into the lattice is ~1 ps [75]. In the case of pulse repetition rates
greater than ~ 1 MHz, a second pulse is incident before the absorbed heat from the first
pulse diffuses away. As a result, the irradiated material experiences elevated
temperatures. Once the series of pulses has left the focal volume, the heat diffuses out of
the focal region in all directions. The resultant structural modification occupies a larger
volume, causing a more isotropic structure and cross-sectional size. Figure 2.7 shows a
systematic study of the waveguide cross-sections with respect to incident pulse fluence
and pulse repetition rates. By varying the pulse fluence by four orders of magnitude,
there is only a small increase in the size of the modified region, whereas, a massive
increase in the structure size can be observed when changing the pulse repetition rate
from 100 kHz to 1 MHz [76].

Polarisation: One of the factors affecting the efficiency of absorption of the incident

laser is the polarisation of the beam. This is especially evident in crystal substrates,
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where the laser absorption is related to the alignment of the crystallographic axis with

respect to the incident laser polarisation [61, 77].

Pulse duration: The pulse duration of the inscription laser affects the nature of material
modification and the resultant waveguide properties. For instance, as discussed
previously, femtosecond laser inscription in highly nonlinear ZnSe material results in
filamentation processes manifested as elongated modifications of ~ 80 pm length
against the desired value of 9 um. Since filamentation is dependent on the peak power
of the pulse, the use of longer pulses of 1-2 ps was successful in eliminating the
detrimental effects [69, 71].

4x107 4x10°6 4x10° 4x104 4x103 pulses

. 1 MHz
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Figure 2. 7. Optical micrograph images of ULI inscribed structures with respect to
increasing pulse fluences and laser repetition rates. Each row corresponds to
waveguides written at a fixed repetition rate mentioned, but for different incident
fluences. The material modification is found to increase rapidly with a change in the
laser repetition rate over a change in the incident pulse fluence. Reproduced from Ref.
[76].

2.5.3 Other Inscription Parameters

Inscription Geometry: ULI utilises two inscription geometries, namely, longitudinal
writing geometry and transverse writing geometry; with their names being a good

indication of the direction of laser inscription.

(a) Longitudinal writing geometry: In this case, the substrate is translated along the
same direction as that of the incident laser beam, as shown in Figure 2.8 (a). The
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resultant waveguide has an inherently circular cross-section. In this case, the
diameter of the inscribed waveguide is directly related to the focused beam
waist. For 3-D inscription of waveguides requiring any bends in the inscription
path, this writing configuration will alter cylindrical waveguides to induce an
asymmetry in the structures, which is not desirable. Another disadvantage of this
writing technique is its limited waveguide length, restricted by the working
distance of the lens. Also, this writing technique is hampered by an increasing

degree of spherical aberrations as a function of increasing depths [59].

a b
( ) ->Ultrafast Laser Beam ( ) ->Ultrafast Laser Beam
B l ->Focusing Objective J Focusing Objective
,TModified Region _Modified Region
->Substrate ->Substrate
_—
Substrate Translation Direction Substrate Translation Direction

Figure 2. 8. Inscription geometries used for ULI. (a) Longitudinal inscription
geometry, where the substrate is translated along the incident laser beam,
and (b) Transverse inscription geometry, where, the sample translation is
perpendicular to the incident laser beam.

(b) Transverse writing geometry: In this case, the substrate is translated in a
direction perpendicular to the incident laser beam; see Figure 2.8 (b). This
allows inscription of waveguides with arbitrary lengths and 3-D paths within the
substrate. However, the cross-section of the inscribed region becomes highly
asymmetric due to the contribution from both the confocal parameter and the
beam waist diameter, as shown in Figure 2.9. In spite of this, the transverse
writing geometry is preferred for ULI photonic device fabrication by virtue of its
high flexibility. Also, a number of beam-shaping techniques have been
introduced to resolve the limitation in terms of the waveguide asymmetry such
as the use of a high NA objective, slit technique [78], cylindrical telescope [79],

deformable mirror [80] and multiscan techniques [81].
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Figure 2.9. () The high degree of asymmetry in the waveguide cross-section for a
transverse inscription geometry due to the unequal confocal parameter, b and beam
waist diameter, D. (b) Single scan waveguide cross-sectional image obtained by the
transverse writing geometry.

Focusing Optics: The focusing objective determines the spatial extent of the region
modified by the incident laser beam, or, the focal volume. For longitudinal waveguide
inscription geometry, the focal volume is solely dependent on the beam waist at the
laser focus, resulting in inherently symmetric waveguides. The beam diameter at the

focus is given as [59],

22
D=2wp= — (2.11)

where NA is the numerical aperture of the focusing lens, A is the incident laser
wavelength, and w, is the focused beam radius. In the case of transverse writing
geometry, the laser irradiated region is dependent on two factors, namely, the confocal
parameter and the beam waist at the laser focus, as illustrated in Figure 2.9. The

confocal parameter (b) is given by the relation [59],

2mnw?

b= — (2.12)
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where n is the refractive index of the material under study at the incident laser

wavelength 4, and w, is the focused beam radius.

Sample Translation Speed: This is an important ULI parameter that allows control
over the distribution of pulse fluence within the substrate. With increasing translational
speeds, the amount of pulse energy deposited within the focal volume decreases thereby
affecting the final material modification. This is an especially useful inscription
parameter at high laser repetition rates, where faster translation speeds can be used to

reduce heat accumulation effects.

2.6 Typical ULI Inscription Setups

This section describes the typical laser systems used for ULI waveguide inscription.
While all the systems are effective in final material modification, there are distinct
differences in the modification mechanisms induced using each laser system. The laser
used for the work described in subsequent chapters is also given. Based on the repetition

rates, inscription lasers can be classified into three types.

(@) Low repetition rate lasers (1- 200 kHz): The initial demonstrations of laser-
induced waveguide fabrication employed regeneratively amplified Ti: Sapphire
lasers working in the repetition rate regime of 1 — 200 kHz. This laser was
chosen for ULI, mainly due to its ready availability in most research laboratories
at the start of this technology in the late 1990s. The laser operated at a
wavelength of 800 nm, with typical pulse energies of a few pJ and pulse
durations of 50 — 200 fs. The lower repetition rates led to fabrication times for

UL devices that were extremely long, on the order of 20 — 100 pm s™.

(b) High repetition rate lasers (5 — 25 MHz): High repetition rate Ti. Sapphire
systems with no amplifier stage have also been used for ULI. The typical pulse
energies correspond to 20-100 nJ with pulse durations on the order of 10- 50 fs.
While these lasers dramatically improved the material processing speeds from

~um s to ~cm s, the laser setup was still complex.

(c) Intermediate Repetition rate lasers (100 kHz — 5 MHz): Yb-doped fibre lasers

and cavity-dumped Yb:KYW oscillators working at an intermediate repetition
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rate regime of 100 kHz — 5 MHz, with pulse energies of the order of nJ to pJ
have also been used for ULI [60]. These lasers have an operating wavelength
around 1030 nm, close to the other laser systems, and have typical pulse
durations of the order of few hundreds of fs. These systems provide a suitable
balance between the laser repetition rate and the resultant material processing
speeds. In addition, the lasers form a stand-alone unit with turn-key operation,

favourable for industrial environments.

The laser system used for the work presented in subsequent chapters belongs to
this category. The following section describes this laser system, as well as the
other important components in the ULI inscription setup, as shown in Figure
2.10.
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Figure 2. 10. Schematic diagram of the ULI inscription rig used for the work described
in the thesis. The linearly polarised output from the laser is steered using mirrors M1 to
M7 to be eventually focused within the bulk of a substrate using appropriate microscope
objectives. A half-wave plate and polarisation beam splitter combination acts as the
attenuator in the system. The polarisation state of the beam is controlled by the use of
an additional half-wave plate, and a quarter-wave plate. The substrate is placed on a
high precision translation stage system. The complete setup is computer controlled,
including the translation stages, and the power and polarisation control.

Ultrafast Laser System: The laser system is a variable repetition rate Yb-doped fibre
oscillator power amplifier system, IMRA FCPA pJewel D400. The repetition rate of the
laser is adjustable from 100 kHz up to 5 MHz. The laser system also includes an

adjustable compressor that can be used to change the pulse duration by varying the
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linear chirp on the laser output, with the possible range varying from 350 fs to 3 ps. The
laser produces linearly polarised pulses centred at an operating wavelength of 1047 nm,
and is capable of producing an average power of ~350 mW at each repetition rate.

Steering and focusing optics: The linearly polarised laser output from the compressor
stage is initially steered via various essential optics, indicated by the beam path from
mirrors M1 to M7 in Figure 2.10, before it is incident on the focusing objective. A half-
wave plate and polarisation beam splitter combination is utilised for a calibrated
attenuation of the average power. This is followed by a second half-wave plate, which
can be used to rotate the plane of polarisation of the laser, and a quarter-wave plate to
obtain circularly polarised light. The rotation mounts for these optics are computer
controlled, thereby allowing easy control of the power and polarisation of the
inscription beam. The beam is subsequently steered using mirrors M4 to M7 to a
vibration insensitive granite gantry and focused using the appropriate lens to a desired
depth within the substrate. The substrate is placed on an automated high-precision, air-
bearing x-y-z translation stage system, Aerotech ABL1000. An imaging system
indicated by the beam path along M8 helps in precise positioning of the sample at the

required depths.

As indicated in Figure 2.10, a transverse inscription geometry is employed for
waveguide inscription. To compensate for the resultant asymmetric waveguide cross-
section as shown in Figure 2.9, a multi-scan technique of waveguide shaping is used
[81]. The schematic of this technique is given in Figure 2.11. In this technique, the
sample is scanned through the laser focus multiple numbers of times, with each scan
offset from the previous by a small distance. The scan offset is along the axis
perpendicular to both the sample translation direction and the incident beam
propagation axis. Thus, the inscription of multiple, slightly overlapping scans is used to
build up a desired waveguide cross-section. To inscribe a single mode waveguide,

typically 20 scans are used, laterally offset by 0.4 pm.

The multiscan technique is highly flexible, and convenient to implement. It allows
fabrication of waveguides with close to square cross-sections, and almost step-index
refractive index profile as previously shown in Figure 2.5(a). Also, since the waveguide
cross-section is build up over many scans, the peak intensity used for laser inscription

can be lowered. This, in turn, reduces the number of scattering and absorbing defects
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within the modified focal volume. The resultant waveguides are characterised by low

propagation losses in comparison with other ULI based waveguides [59].
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Figure 2. 11. Schematic of the multi-scan technique

2.7 Summary

This chapter introduced laser material processing by ULI technology. The underlying
physical mechanisms of ULI leading to different structural modification regimes have
been discussed. Each regime is characterised by its distinct properties and application
potentials, the most widely used regimes being that of direct refractive index variation
[47] and enhanced chemical etch rates [61]. The former has allowed a large number of
waveguide based devices including passive splitters [49], couplers [82] and fan-outs
[83] to active devices such as waveguide lasers [77] and amplifiers [67]. Enhanced
chemical etch rates in certain materials have allowed the fabrication of microfluidic
devices [61, 63-65], which additionally use ULI waveguides to process chips with
enhanced functionalities. A few of these device applications, specifically active
waveguide fabrication, will be discussed in the next chapter. The true 3-D capability of
this technique suggests a high application potential for ULI, even leading to

commercialisation of ULI based devices [84].
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Chapter 3 — Review of ultrafast laser inscribed active photonic devices

3.1 Introduction

ULI has emerged as a versatile microfabrication tool for the development of novel
photonic and microfluidic devices. In comparison with other waveguide fabrication
technologies such as silicon-on-silicon, ion-exchange and sol-gel processes, ULI offers
a maskless direct-write technique with true 3-D fabrication capability. These different
features have resulted in a wide application regime for ULI including the fabrication of

passive optical components, active waveguide devices and microfluidic channels [43].

ULI-based passive photonic circuits range from existing device architectures such as
splitters, directional couplers and interferometers [49] to novel passive structures, for
example, a photonic lantern [85]. A photonic lantern combines the output of 4 x 4 array
of single-mode (SM) waveguides into a single multimodal (MM) output, or vice versa,
as shown in Figure 3.1. This design can be scaled to accommodate many more SM
waveguides. The waveguide design in such a case has extremely exacting tolerances as
do the inscription parameters that allow low insertion loss waveguides <2 dB [49].
Since efficient functioning of these passive structures has a critical dependence on low-
loss waveguide inscription by UL, the typically used substrates are constrained to a few
materials such as fused silica and borosilicate glass, that have been well-characterised

over the years for ULI waveguide fabrication [49].
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Figure 3. 1. (a) Design sketch of a MM to SM integrated photonic lantern transition, or
vice versa. (b) White light transmission micrographs of the 4 x 4 SM array, (c) the MM
output end. (d) The SM array end of the PL for an input light of 1539 nm at the MM
end. (e) The MM end while adjusting the injection of 1539 nm light into the opposite
end. Reproduced from Ref [85]. The field of view is 200 x 200 um for (b) and (d), and
100 x 100 um for (c) and (e).
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Another ULI application regime, namely, active waveguide fabrication, arises from the
versatility of the technology in terms of inscription substrates. ULI is applicable to a
wide variety of materials, including active-ion doped glasses and crystals, by a suitable
optimisation of irradiation parameters such as wavelength, pulse energy, repetition rate,
focusing optics and sample translation speed. This has given rise to active research in
the field of waveguide amplifiers and lasers. Waveguides based on Er and Er:Yb doped
materials find useful applications as amplifier systems in the telecom C-band [86].
Lasers based on active ULI waveguides serve as compact sources for a broad spectral
range from the visible [87] to the mid-IR [70] region of the electromagnetic spectra. The
first fs-laser-written waveguide laser was demonstrated in 2004 in an Er:Yb doped
phosphate glass, generating 1.7 mW laser output at 1534 nm, and having a low slope
efficiency of 2% [88].

Subsequent developments in the field have been targeted at improving the laser
performance in terms of slope efficiency, power scalability, operating wavelength and
design architectures. Investigations of new gain materials play an important role in this.
Consequently, ULI-based waveguide lasers have been demonstrated in a variety of
glasses such as silicate, phosphate and bismuthate [49, 89, 90], as well as crystals, such
as YAG [49] and double tungstates [91]. Such waveguide lasers find useful applications
in areas requiring compact, high efficiency laser sources that are less susceptible to
environmental disturbances, for example, compact laser radar and remote sensing [92].
Laser operation has been reported in a number of ULI waveguides, with the commonly
used active dopant ions being Er [88, 93, 94], Nd [90] and Yb [95]. Pulsed laser
operation has also been demonstrated from ULI waveguide lasers by the incorporation
of SAs within the cavity [89, 96, 97].

A third application regime of ULI waveguides includes microfluidics. As discussed in
the previous chapter in Section 2.4.1, fs laser processing can introduce a nanograting
regime of material modification that results in an enhancement in chemical etching
sensitivity. This unique property allows the fabrication of embedded microfluidic
channels within substrates. Such structures can also be combined with ULI based
optical waveguides to create monolithic devices well-suited for compact LOC devices
[63]. Aqueous solutions of hydrofluoric acid or potassium hydroxide are typically

employed to etch laser-inscribed structures in fused silica [98]. Recent studies have
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shown selective etching of ULI tracks in a new substrate, namely, YAG, using an

aqueous solution of orthophosphoric acid [99].

Within this wide range of applications of ULI, the work presented in this thesis focuses
on the applicability of ULI for active photonic devices in glasses, specifically,
waveguide lasers. In order to facilitate an understanding of the experimental work in
subsequent sections, this chapter provides an overview of ULI waveguide laser
development in transparent glass substrates. Section 3.2 describes the spectroscopic
properties of the typically used rare-earth ions; Er, Nd, and Yb, along with their
associated energy transfer processes. Section 3.3 introduces the mode-locking
technologies for solid-state lasers, with emphasis on SA mode-locking. Finally, section
3.4 gives a brief review of ULI-based waveguide glass lasers.

3.2 The Rare-Earth lon

Rare-earths constitute a set of seventeen elements in the periodic table including
Scandium with the atomic number of Z= 21, Yttrium with Z =39 and the fifteen
lanthanide elements. The lanthanides extend from Lanthanum with Z = 57, increasing
progressively in atomic number to Lutetium with Z= 71. In their atomic shell, these
lanthanide elements have an electronic configuration of [Xe] 6s® 4f ", where [Xe]
represents a stable Xenon core. The number of electrons n in the 4f orbital increases
from 1 to 14 depending on the atomic number and oxidation state. In an ionic matrix,
rare-earths predominantly exist in the +3 oxidation state, losing the two outer 6s and one
of the 4f electrons to the surrounding matrix. The 4f electrons in rare-earths constitute
the valence electrons; however they are strongly shielded from the surrounding
environment by the fully occupied outer 5s and 5p orbitals. These electrons are
therefore more analogous to core electrons that are tightly bound to the nucleus than to

valence electrons.

In a doped matrix, the rare-earth ions replace host ions of similar size and same valency.
The different energy transitions occur within the various states within the 4f orbital,
which arise as a result of electron-electron and electron-host interaction. When a rare-
earth is introduced in a host material, the local electric field around the rare-earth ion
couples itself to the electrons of that ion. The coupling causes a splitting in the rare-

earth energy levels. This splitting of spectral lines of atoms or molecules due to
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presence of an external electric field is termed the Stark effect. In ordered solids such
as crystals, the splitting of rare-earth spectral lines is uniform across the whole lattice,
resulting in sharply defined pump and laser transitions with a small gain bandwidth of 1

nm or less [100].

A much broader bandwidth ~100 nm is typical of rare-earth doped glasses [101]. When
a rare-earth ion is introduced in the disordered glass network, the splitting is unequal for
each dopant across the substrate since the electric field varies from site to site. This
results in the broadening of the emission spectrum of the embedded rare-earths [102].
The broad bandwidth thus achieved in glasses makes them suitable candidates for
wavelength tuning and ultrashort pulse generation [100]. The random network structure
of glasses also gives them the unique ability to dissolve a wide range of dopants in
varied concentrations. Therefore, while the host plays a significant role in the 4f energy
level splitting, the subsequent transition features such as the wavelength of emission and
transition cross-sections are largely insensitive to the environment by virtue of the
optically passive 5f orbital shield. This is especially significant for active device

applications.

3.2.1 Energy transfer mechanisms in rare-earth ions

The performance of rare-earth doped glasses as effective laser materials is determined
by the various interactions and energy transfer processes within the ions. The excitation
of a rare-earth ion to higher lying energy levels in the 4f orbital can occur either by
direct radiative absorption or via energy transfer. The subsequent relaxation to the
ground state can occur in the following different ways:

(a) Radiative decay: This corresponds to the relaxation of an excited ion to the
ground state by the emission of photons. The emitted photon typically

constitutes the useful transition for laser and amplifier applications.

(b) Non-radiative decay: This refers to the process where the ions relax to the
ground state by transferring the absorbed energy to the surroundings, as

vibrational quanta or phonons.
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(c) Non-radiative energy transfer: This process refers to the transfer of energy
between adjacent rare-earth ions resulting in degradation in excitation or

radiative emission.

Rare-earth doped media exhibit characteristic ion-ion interactions based on these three
basic relaxation transitions. The interaction can be between ions of the same rare-earth
species or different ions. The former usually result in detrimental loss mechanisms in
the system such as increased non-radiative decay routes, or undesired luminescence
effects. Between ions of different rare-earths, the corresponding energy transfer
mechanisms can be useful, such as novel pumping schemes. These will be described in

the following section.

(1) Multi-phonon transitions: This process refers to the relaxation of an excited
state rare-earth ion by a non-radiative transition involving simultaneous
emission of multiple phonons. The process is illustrated in Figure 3.2(a). Being
quantised packets of vibrational energy, the phonon energy varies with different
lattice configurations. Subsequently, the rate of multi-phonon transition
decreases exponentially with an increase in the number of phonons required for
the transition. It occurs only when a small number of phonons are required to
close the energy gap between the transition states of the rare-earth ion. This
process is a major factor that is responsible for depopulating upper excited states

in rare-earth ions.

(2) Resonant Radiative transfer: This type of energy transfer refers to situations
where a photon emitted by one ion is reabsorbed by another ion of the same or
different species, as shown in Figure 3.2 (b). The process is termed as ‘resonant’
as the two transitions, namely, emission and absorption, have equivalent photon
energies. This process therefore occurs in identical ions or in ions with similar
energy levels. The process represents a possible loss mechanism in useful

photoluminescence pathways.

(3) Resonant non-radiative transfer: The schematic of this energy-transfer process
is given in Figure 3.2 (c). In this process, a rare-earth ion in an excited sate

decays to the ground state by non-radiative energy transfer. Thus, the energy of

42



the excited rare-earth ion is transferred to an adjacent ion, resulting in the
relaxation of the first ion meanwhile promoting the second to an excited state.
Again, the process is termed as ‘resonant’ since the energies involved are

equivalent for the two rare-earth ions.
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Figure 3. 2. The various energy transfer mechanisms in rare-earth ions. (a) Multi-
phonon transitions (b) Resonant radiative transfer (c) Resonant non-radiative
transfer.

Non-radiative energy transfer between identical rare-earths is detrimental,
resulting in degradation in rare-earth luminescence. Between ions of different
rare-earths, the process can however be useful. An example includes sensitised
luminescence, whereby the excitation provided to one rare-earth species is
transferred to another, resulting in efficient luminescence from the latter. This is
prevalent in Yb: codoped Er systems, as shown in Figure 3.3 [88]. Er ions have
a weaker absorption cross-section at the pump wavelength compared to Yb. Yb
ions therefore act as a sensitiser to increase the pump efficiency at ~980 nm. The
absorbed energy is transferred to the nearby *l;1, state in Erbium ion by non-
radiative energy transfer, resulting in a higher absorption cross-section than
direct excitation of Er ions at that wavelength. When the concentration of Yb

ions is high, the absorbed energy initially migrates between the different Yb®*
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ions by non-radiative energy transfer, until it finally reaches an Er** ion in close

proximity for energy transfer.
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Figure 3. 3. Sensitised energy transfer mechanism in Er:Yb systems. Indicated
electronic transitions include pump and laser emission (solid line), fast non-
radiative decay (wavy lines) and cross-relaxation (dashed lines). Adapted from
Ref. [103].

(4) Cross-relaxation: In a cross-relaxation process, the energy of a rare-earth ion
that is decaying from an upper excited state is absorbed by an adjacent ground
state ion to promote it to a metastable level. This is illustrated in Figure 3.4(a),
where the energy of the ion A decaying from an upper level E; to an
intermediate level E; is transferred to a neighbouring ion B to excite it to the

same level E;.

When the energy gap between the intermediate and ground state levels has an
efficient phonon generation route, both ions decay non-radiatively to the ground
state (Ei- Eo). This process is detrimental to laser action, and can be observed in
laser glasses doped with Nd** ions, where the original absorbed energy gets

effectively converted into heat [104].

If the E;- Eg transition is radiative, this results in laser action with an increased

efficiency, for example, in Er-doped systems. In Er ions, as shown in Figure 3.3,
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the energy difference between *lo;, and *l1, is close to that between * I3, and
*I1552. The population in the metastable state *I13;, can be increased as a result of
cross-relaxation; by the decay of an ion from the “lg;, state and the following

excitation of a ground state ion to the *l,5, State.
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(a) Cross relaxation (b) Cooperative upconversion

Figure 3. 4. (a) Cross-relaxation process (b) Cooperative upconversion. A,B are
two different rare earth ions of the same species.

(5) Cooperative upconversion: Cooperative upconversion occurs by the interaction
of rare-earth ions present in the excited state, where, the excitation energy of one
ion decaying to a lower energy level is absorbed by the other to promote it to an
even higher energy level. This is shown in Figure 3.4(b), where A and B
represent two ions in an intermediate state E;. The energy of the ion A decaying
from this level is transferred to the neighbouring ion B to excite it to higher
lying level, E, (or Es, as shown in Figure 3.4(b) on the right). The ion in the
upper excited state can decay either by multi-phonon emission or by the
emission of photons. The latter is used in upconversion lasers [105], where a
pump of a lower frequency is used to generate a large laser photon energy.
Examples include visible lasers pumped with infrared light, for example, a
Tm:YLiF, blue upconversion laser emitting at 450.2 nm, achieved using CW
pumping with Ti: Sapphire laser at 784.5 nm [105].
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(6) Excited state absorption: In this process, an ion excited to a metastable state can
absorb another pump photon to move to even higher lying levels. This can
sometimes result in an excited metastable level, which provides an alternate
laser path at a different wavelength. Usually, the electrons undergoing this

process decay non-radiatively to the ground state.

(7) Concentration Quenching: This refers to a reduction in fluorescence intensity
from the sample with increasing rare-earth concentrations. For rare-earth
concentrations beyond a critical amount, the ions tend to interact with each other
to form clusters or new rare-earth compounds that are optically inactive. This
results in a decrease in fluorescence intensity, adversely affecting the efficiency

of radiative transitions in the material.

The laser action of a rare-earth doped glass is also influenced by the properties of the
host material. The glass host compositions can be controlled during the glass formation
by varying either the concentration of glass network formers such as silicates and
phosphates, or the concentration of network modifiers such as alkali and alkaline earth
ions, or by varying both [106]. High power glass lasers based on rare-earth dopants
require the corresponding glass hosts to possess a number of characteristics. Glass hosts
ideally require a high thermal conductivity and a good thermal shock resistance [107],
so that the laser action is not affected by any drastic change in temperature, and so that,
the glass can withstand radiation capable of producing heat-induced stress fracture
[108]. For high power laser applications, glasses are also ideally required to have a low

nonlinear refractive index change, to avoid any undesirable nonlinear effects.

The first glass laser was demonstrated in 1961 by E. Snitzer in Nd-doped glass [109].
The rare-earth ions that have since been more commonly used include neodymium,
erbium, ytterbium, holmium and thulium. The following section discusses the

spectroscopic properties of three of these, namely, Nd, Yb, and Er ions.

3.2.2 Neodymium

Neodymium, with its atomic number of 60, has an electronic configuration of 4f *.
Figure 3.5 shows the energy level scheme of Nd**, with four possible pump transitions,
at 520, 580, 730 and 800 nm. The electrons excited from the ground state *Ig, to these
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energy levels relax non-radiatively to the metastable “Fs; energy level. The primary
laser transition occurs for *Fsp, to *lyy, transition resulting in an emission wavelength
around 1.05 pm. Nd has a 4-level energy scheme since the lower laser level *lyy, is

coupled to the ground state *Ig;, by fast non-radiative decay.

The most significant feature of Nd-doped systems is their inherently efficient operation
with low pump thresholds, facilitated by the 4-level scheme. The emission properties
depend on the host material, as discussed before. The peak emission wavelength for
instance, changes from 1.049 um in the case of ZBLAN to 1.064 um in YAG, for a
pump wavelength of 808 nm [100].
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Figure 3. 5. Typical energy levels for Nd**. The indicated electronic transitions include:
pump and laser transitions (solid lines), and fast non-radiative decay (wavy lines).
Adapted from Ref.[103].

3.2.3 Ytterbium

Ytterbium, with an atomic number of 70, is a strong contender with Neodymium as an

activeion for laser development in the NIR. Ytterbium has an energy level scheme
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comprising of two electronic states, namely, Fs, excited state manifold, and *Fy
ground state manifold. Pumping and laser transitions occur between the various Stark
levels of each manifold. The highest energy sub-level of the ground state functions as
the lower laser level, thereby making Yb-doped systems work as a quasi-three level
laser, as shown in Figure 3.6. The pump wavelength in Yb*" doped systems can be

varied from 0.9 pm to 1 pum, with the main laser transition centred at 1.03 pm.

Yb3+

Figure 3. 6. Energy level diagram of Yb-doped systems. The solid lines indicate the
pump and laser transitions, and the wavy lines indicate fast non-radiative decays.
Adapted from Ref.[103]

As a result of the quasi-three level scheme, implies that Yb-doped systems typically
exhibit higher thresholds for population inversion than Nd-doped four-level lasers.
However, this limitation has been overcome due to advances in high power laser diodes
that serve as pump sources. The presence of only 2 energy levels in Yb, *Fs, and 2Fyp,
ensures the absence of various detrimental effects such as excited state absorption and
cross-relaxation [110]; making them attractive for high power laser development. This
is re-enforced by the high efficiency inherently attainable from Yb-lasers by virtue of
the small quantum defect, which is the difference in energies between a pump and a
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signal photon. When doped in glass matrices, the inhomogeneous broadening in the
system results in a broad bandwidth of ~100 nm, making Yb-doped glasses attractive
for ultrafast laser applications as well as wavelength tuneability.

Yb-doped laser systems typically use a fibre laser architecture to allow efficient heat
dissipation that in turn reduces the pump-induced thermal loading that occurs at high
pump intensities. High power fibre lasers with output powers ~1 kW have been
demonstrated using Yb-systems [111]. The same advantage is applicable in ULI-

waveguide lasers.

3.2.4 Erbium

In Er** doped glasses, the laser and amplifier operation occurs at 1.5 um, which
corresponds to the C-band of the telecom window. Figure 3.7 shows the energy level
diagram of an Er** doped laser system, with the main laser transition occurring between
*l132 and *l3s, energy levels. In the three-level laser system, erbium ions are excited to
the *l;1, band by a 980 nm pump. This is followed by multi-phonon decay to the
metastable state “l;s. Er** ions can also be excited to higher lying levels using other
pump wavelengths, from which, they decay non-radiatively to the *I,3, metastable level.
Erbium can also function as a quasi-two-level laser system, since the absorption cross-
section of the metastable state *I;3; is higher than the emission cross- section of the
ground state *1152. In this case, electrons are excited to the upper state of the #1132 band

using a 1480 nm pump, from where they decay non-radiatively to the metastable level.

Often, Er systems are co-doped with Yb dopants. Yb ions have a higher absorption
cross-section at 980 nm compared to Er, and thus, in Er:Yb systems, inversion of Yb
ions by the pump results in an indirect pumping of the Er system by resonant energy-

transfer mechanisms, as shown previously in Figure 3.3.

The laser action in Er** doped media is affected by a number of factors. Excited state
absorption takes place in the three-level system, where, an electron pumped to the *l11,
level absorbs another pump or signal photon to enter one of the higher lying energy
levels of Er. The decay process is also determined by the properties of the host glass. In
oxide glass, the ion excited from the upper laser level of *lis, to * lg;, decays non-

radiatively back to the metastable state, whereas for fluoride glasses, non-radiative
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decay from “lg), to the ground state occurs, thereby further reducing the laser efficiency
[112]. There is also the possibility of cooperative upconversion; see Figure 3.4(b). In
this case, two excited ions interact such that one ion de-excites to the ground state while
the other gets excited to even higher energy states. The decay of electrons from the

excited states occurs by multiphonon emission.
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Figure 3. 7. Energy level diagram of an Er-doped laser system. The solid lines indicate
the pump and laser transitions, and the wavy lines indicate fast non-radiative decay.

3.3 Passive mode-locking techniques for ultrafast lasers

Rare-earth doped lasers generating ultrashort pulses present a well-developed field,
driven by their wide application realm. The applications of ultrafast lasers range from
supercontinuum generation [113, 114], material processing [115], telecommunications
[116] to life sciences [117]. In this regard, ultrafast waveguide lasers also have a broad
application potential, along with the inherent advantages of their waveguide
configuration. Short pulse generation is typically achieved by mode-locking techniques,
either active or passive. While active mode-locking generates short pulses by means of
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a sinusoidal loss modulation created by either acousto-optic or electro-optic modulators
inserted in the laser cavity, passive mode-locking produces short pulses by self-
amplitude modulation using a real or artificial SA. The latter includes KLM, already

discussed in Chapter 1.

Generally, passive mode-locking techniques allow much shorter pulses of fs duration
compared to the ps pulse duration achieved in active mode-locking. This is attributed to
the inherently fast recovery time of the SA, which can modulate the resonator losses
much faster than an electronic modulator. Most passive mode-locking techniques are
also self-starting, an exception being KLM. In addition, SAs can be incorporated in
laser cavities while preserving their compact and integrated cavity designs. This feature
is frequently exploited in fibre laser development where CNT-SAs and graphene-SAs
are integrated within fibre connectors to preserve an all-fibre format. This applicability
is very important in waveguide laser systems as well, making passive mode-locking

more favoured compared to active mode-locking.

The principle of mode-locking by an SA involves intensity-dependent absorption. At
low intensities, SAs absorb all of the resonant light pulse, or exhibit high losses of the
circulating radiation. At high intensities, the absorption is saturated due to the depletion
of all the electrons in the ground state, which in turn allows increased transmission of
the incident pulse. In a laser cavity, low intensity CW radiation is typically absorbed by
the SA. The SA however favours any high intensity spikes in the cavity that arise due to
noise fluctuations, initiating pulsed operation. Thereafter, when an intense pulse
propagates through the SA, the central part of the pulse with its higher intensity gets
transmitted while the edges of the pulse with lower intensities get absorbed. This results

in a shortened pulse [118].

The SAs used for the initial studies in passive mode-locking include organic dyes [119]
and SA-crystals such as Cr**:YAG [120]. Presently, the most important type of SA in
use is SESAMs [118]. Relatively recently, novel SAs based on carbon nanostructures
[35] have also emerged, namely CNT, and graphene. Typically, SAs are incorporated
into mirror structures for ease of introducing them into laser cavities. The corresponding
structures are termed as saturable absorber mirrors (SAM), a typical example being
SESAMs. They can also be incorporated into the output coupler mirror in a laser cavity
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(SA-OC); the output coupler being the semi-transparent mirror used to extract useful

laser output. The characteristic properties of a SAM are detailed below.

Saturable

absorber Substrate

/

100 % reflector ______ —> Y

Figure 3. 8. Typical structure of a saturable absorber mirror. The SA is deposited on a
mirror structure, which is often a Bragg mirror. A typical saturable absorber consists of
a quantum well or layer of quantum dots in the case of SESAM, or, graphene- or CNT-
SA, otherwise.

A SAM typically constitutes a ~100% reflectivity mirror structure with the SA forming
the top layer or top coating, as shown in Figure 3.8. An SA-OC differs from a SAM by
the partial reflectivity feature in the mirror structure. In the case of SESAMs, the
semiconductor SA is typically a quantum well or layer of quantum dots. CNT and

graphene SAs can also be incorporated as top coats in the mirror structures.

The important parameters that define a SA include modulation depth AR, relaxation
time 7z and saturation fluence Fsy. By varying these properties, SAMs can be custom
designed according to specific application requirements. The following section defines

these parameters based on the example of a SESAM.

A typical fluence dependent reflectivity curve of a SESAM is shown in Figure 3.9. The
modulation depth, AR is defined as the amount of saturable absorption offered by the
SA. In Figure 3.9, Rji, corresponds to the linear reflectivity and Ry is the reflectivity of
the SAM at the pulse energy fluence where the absorption is saturated. The modulation

depth, AR, is then given as,

AR = R,s — Rjin (3.1)
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Figure 3. 9. The characteristic curve of nonlinear reflectivity R versus incident pulse
fluence Fp. Rjin: linear reflectivity, Rys : reflectivity for saturated absorption, AR:
modulation depth, ARps: non saturable losses. Fs : saturation fluence. Reproduced
from Ref. [121].

In addition to linear and nonlinear absorption, there can also be some unwanted losses
in the SAM due to scattering and non-saturable absorption, referred to as non-saturable

losses ARys. It is given by the expression,
AR, =1— R, (3.2)

The saturation fluence, Fsy, is defined as the input pulse energy fluence required in
order to change the reflectivity of the SAM by 1/e of its modulation depth. The other
important SAM parameter is the recovery time z, which is defined as the time taken for
the SA to recover after being bleached. Successful passive mode-locking of lasers

depends on the contribution from each of these SAM parameters.

SA mode-locking was initially demonstrated in a ruby laser using a colour-filter glass
SA, and simultaneously, in a Nd-doped glass laser using a dye SA [24, 122]. These
initial studies reported mode-locked pulses within a Q-switched envelope; the regime of
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laser operation termed as Q-switched mode-locking (QML). The mode-locked pulses

have a repetition rate determined by the laser cavity length, given as,

Cc
f;‘ep = L (3.3)

where f;..,, is the laser repetition rate, c is the speed of light, n is the refractive index and
L is the length of the cavity. These pulses are modulated by a lower repetition rate Q-
switch envelope, with the modulation occurring at a frequency defined by the upper
state lifetime of the gain material. For rare-earth doped materials, the lifetime is of the
order of ~1 ms, resulting in typical QML repetition rates of ~ kHz. Figure 3.10
provides a schematic representation of continuous-wave mode-locking (CW-ML) and
QML, where CW-ML refers to mode-locked pulses generated with constant pulse
energy. While QML lasers have the disadvantage of strong fluctuations by the Q-
switched envelope, the increased pulse energy still concentrated in the ultrashort mode-

locked pulses can be useful for application such as micromachining or surgery [121].
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Figure 3. 10. Schematic of (a) CW mode-locking and, (b) Q-switched mode-locking. Re-
produced from Ref. [118].

The stability limit of passively mode-locked solid-state lasers were studied by Kartner
et al. [123] and augmented by Honninger et.al. [121] to derive a threshold condition for
the transition from QML to CW-ML based on experimentally accessible parameters.

This is given as,

Ez% > Esat,LEsat,AAR (3-4)
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where E, is the intracavity pulse energy, Es,., is the saturation energy of the laser
medium, Eg,. 4 is the saturation energy of the SA, and AR is the modulation depth of

the SA. These parameters are defined below.

(@) Ep: The energy of a mode-locked pulse is given as,
E, = PTg (3.5)
where P is the average intracavity power and Ty is the cavity round trip time.

(b) Esqer: The saturation energy of the gain medium, Eg,.;, is defined as the
product of the saturation fluence F,,; and the effective laser mode area inside

the gain medium A, s, and given by,

hv

Esat,L = Fsat,L X Aeff,L = (m_aL) X (nwz) (3.6)

where hv is the single photon energy, m is the number of passes through the gain
medium per cavity round trip, o, is the emission cross-section of the gain

medium and w is the 1/e? Gaussian beam radius with respect to intensity.

(C) Esqea: The absorber saturation energy Eg,. is defined as the product of
absorber saturation fluence Fs,., and the effective laser mode area on the

saturable absorber Agss 4.

Esat,A = Fsat,A X Aeff,A (3.7)

(d) AR : The modulation depth of the saturable absorber is defined as the maximum

change in nonlinear reflectivity as indicated in Figure 3.7.

Figure 3.11 gives a typical trend in laser operation regimes in a passively mode-locked
solid-state laser using a SESAM [97]. With an increase in the intracavity power, there is
a transition from the QML regime to CW-ML. The reduction in QML threshold is
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achieved by careful optimisation of many overlapping parameters of the SA and the
laser design. The following section provides a brief description of the different types of
SAs used for passive mode-locking of lasers.
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Figure 3. 11. The transition from CW operation to QML and CW-ML in a solid-state
passively mode-locked Yb-doped glass waveguide laser [97].

3.3.1 Semiconductor Saturable Absorber Mirror (SESAM)

The conventionally used SAs before the advent of SESAMs includes organic dye and
transition-ion doped crystals. While these are effective SAs, they have limited flexibility
in saturable absorption parameters such as the operating wavelength and recovery times.
In other words, the laser cavity has to be tailored around the SA parameters. Organic
dye SAs also have the disadvantages of short lifetimes, high toxicity and complicated
handling procedures [118]. In 1992, semiconductor SAs emerged as an alternate passive
mode-locker with superior performance features [124]. Semiconductor materials can
absorb over a broad range of wavelengths, from the visible to the mid-IR. Also, their
recovery time and saturation fluences can be controlled during the device fabrication

process, allowing exceptional flexibility in SA parameters.

Figure 3.12 illustrates the mechanism of saturable absorption in a semiconductor

material, with a focus on the recovery times. As discussed before, at higher light
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irradiances, the absorption of the material becomes saturated due to depletion of
electrons in the valence band. The absorption partially recovers within 60 - 300 fs of
excitation when the carriers in each band thermalise. Complete recombination occurs on
a longer timescale, of the order of few ps-ns. The two different timescales contribute
advantageously towards passive mode-locking. The longer recovery time ensures a low
saturation intensity allowing self-starting mode-locking, whereas the shorter time

constant is effective in short-pulse shaping [118].
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Figure 3. 12. The two different recovery time scales existent in SESAMs[118]

3.3.2 Carbon nanotubes and graphene

The 1-D and 2-D forms of carbon, namely CNT and graphene respectively, are a
relatively recent addition as SAs for passive-mode-locking. CNTs have a cylindrical
tube-like nanostructure as shown in Figure 3.13 (a). The carbon atoms are tightly
packed in a honeycomb lattice by sp® hybridisation. The optical absorption in CNTs is
related to the tube diameter and chirality; the latter defined as the twist angle along the
tube axis. An unrolled CNT results in monolayer graphene, as shown in Figure 3.13 (b).
Despite being only a single atom thick, graphene can absorb 2.3% of incident light.
These carbon nanostructures are at the epitome of various research fields by the virtue

of their unique electrical, optical, chemical and mechanical properties [125] .
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Figure 3. 13. (a) Cylindrical form of single-wall CNT (1-D), and (b) (2-D) graphene
sheet [125].

Fast saturable absorption is possible in both CNTs and graphene. While CNTs have
recovery times of the order of ps, ultrafast responses down to 100 fs have been observed
in graphene. Absorption saturation was first demonstrated in CNT in 2006 [126], and
used for passive mode-locking of fibre lasers [31, 32]. Saturable absorption in graphene
was demonstrated more recently in 2009, and further applied for passive mode-locking
[34, 35]. The unique features of these carbon nanostructures that make them distinct
from SESAMs include their ease of fabrication, inherently fast recovery times and
broadband operation [35]. The saturable absorption properties of CNT and graphene

will be discussed in detail in subsequent chapters.

3.4 Brief Review of Ultrafast Laser Inscribed Waveguide Glass Lasers

Waveguide lasers, which by definition also include fibre lasers, possess certain unique
properties. In waveguides, light is tightly confined to a small cross-sectional area
ensuring high beam quality. Also, the large surface area to volume ratio allows good
heat dissipation, consequently increasing the efficiency of operation and allowing the
feature of power scalability in such lasers. They usually have a monolithic laser
resonator, resulting in several advantages such as a stable and compact setup. A few of
the limitations in such systems include undesirable nonlinear effects within the
waveguide core and a limited gain per unit length. The latter can be attributed to
concentration quenching in the sample, wherein a visible reduction in the fluorescence

intensity occurs due to clustering of dopant ions at high concentrations.
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ULI has emerged as a powerful microfabrication tool in recent years, allowing
waveguide fabrication in rare-earth doped media, both crystals and glasses. The first
ULI-based waveguide laser was demonstrated in 2004 [88] by Taccheo et al. in an
Er:Yb-doped phosphate glass. The slope efficiency of the laser was only 2%, with an
output power of 1.7 mW at 1533 nm. The result paved the way towards active research
in ULI waveguide laser development, and is therefore an important milestone. The first
waveguide laser was at the telecom wavelength, since both laser and fibre components
optimised for this wavelength region were readily available. Subsequently, waveguide
lasers have been demonstrated in a number of substrates, with their operating
wavelengths ranging from the visible to the mid-IR [49]. This section provides a brief
review of ULI-based waveguide glass lasers. While waveguide lasers have also been
demonstrated in crystals and ceramics, the review is restricted to glass lasers since it has

a direct consequence on the work presented in this thesis.

Table 3.1 gives relevant information about waveguide glass lasers fabricated by ULI.
The progress in laser development over the years can be quantified in terms of the laser
slope efficiency and output power, and also in terms of the laser cavity design. In the
case of pulsed lasers, the important parameters include the pulse duration and repetition
rate. These features are also included in the table. The first demonstration of a ULI
waveguide laser in 2004 with a 2% slope efficiency was immediately followed by
efforts to increase the laser performance from the same material, namely, Er:Yb-doped
phosphate glass. The natural route for this in a waveguide cavity is the development of
‘better’ waveguides with lower propagation losses. This requires a systematic
optimisation of waveguide inscription parameters such as the laser pulse energy and
repetition rate. A lower propagation loss of 0.4 dB cm™ against the previous value of
0.8 dB cm™ in Er: Yb-doped phosphate glass resulted in a waveguide laser with a higher
slope efficiency of 8.4% in 2006. The waveguide laser also had the additional capability
of multiple laser wavelengths in the C-band [86].

Another milestone in ULI-waveguide lasers was based on the geometry of the laser
cavity. In 2008, a monolithic waveguide laser was demonstrated by Marshall et al. in
Er: Yb-doped phosphate glass. The true monolithic nature of the laser was obtained by
incorporating laser inscribed distributed feedback Bragg gratings in the substrate [94].
The laser operated at a wavelength of 1537 nm, producing ~1 mW of output power. A

similar waveguide laser, but for 1 um wavelength was demonstrated soon after by the

59



same research group in Yb-doped phosphate glass. The laser generated 102 mwW
average output power with a 17% slope efficiency [95], marking an achievement in
terms of output power, the previous best being 30 mW. Figure 3.14 gives a comparison
of this waveguide laser with a fibre-based waveguide laser cavity [89]. The monolithic
waveguide laser has the gain medium and cavity mirrors incorporated into a single
substrate, whereas, the fibre ring cavity in Figure 3.14 (b) is similar to fibre lasers, with
the gain fibre replaced by a buried channel waveguide. Other glass substrates used for
ULI waveguide laser development include Nd-doped silicate glass operating at 1064 nm
[90], integrated cavity waveguide lasers in Tm-doped fluorogermanate glass [127] and

Ho:Tm-doped ZBLAN glass for an operating wavelength of 2 um [128] .

(a) Monolithic waveguide laser cavity

—] Isolator }— 976 nm Pump 976 nm Pump | Isolator }—
L] WGL ||
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— Optical Spectrum Analyzer Power Meter F—

(b) Fibre-coupled waveguide laser cavity
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Figure 3. 14. Schematic of a waveguide laser with (a) a monolithic cavity [95], where
the gain medium and the cavity mirrors are incorporated in a single substrate allowing
a compact system and (b) fibre-coupled waveguide laser cavity [89], where the
waveguide slab forms the gain medium and the remaining constituents in the cavity

consists of fibre-based devices such as isolators and WDMs.

60



ULI waveguide lasers generating ultrashort pulses soon followed. The success of CNT
and graphene-SA for passive mode-locking of fibre lasers proved an obvious route
towards mode-locking in waveguide lasers as well. Since the majority of previously
reported CW waveguide lasers used fibre-coupled cavities, a similar cavity
configuration was used for pulsed operation, with a CNT-SA incorporated in the form
of a free-standing film in fibre connectors. This first mode-locked waveguide laser
generated 1.6 ps pulses at 16.7 MHz in an Er-Yb phosphate glass waveguide cavity
[96]. Another important breakthrough in terms of achievable pulse duration from
waveguide lasers was in 2010, in an Er-doped bismuthate glass waveguide-fibre ring
laser generating 320 fs pulses [89]. This remains todate the shortest pulse duration
achieved from ULI waveguide glass lasers. A SESAM mode-locked integrated
waveguide laser with a pulse repetition rate of 4.9 GHz was reported in 2012, marking

an important achievement in terms of repetition rates [97].

Laser action has also been reported in ULI-waveguides in laser crystals, such as YAG
[49], and double-tungstates [91]. These materials are obvious gain materials of choice
due to their prevalence in bulk laser development which also facilitated their improved
material quality. Waveguide fabrication in these materials is possible by the inscription
of Type Il structures, discussed previously in Chapter 2. In comparison, glasses have the
advantage of having a smooth refractive index change by ULI, which can be
systematically studied. As summarised in Table 3.1, the study of active glasses for ULI
has been limited to few materials. This naturally calls for further investigation of novel
laser glasses for active waveguides by ULI; preferably glasses capable of high active-
ion doping, and improved thermal conductivity. Consequent work based on glass laser

development is detailed in subsequent chapters.
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Table 3. 1. ULI-waveguide lasers demonstrated in glass materials.

Laser Glass
Materials

1 Er:Yb-doped
phosphate glass

2 Er:Yb-doped
phosphate glass

3 Er:Yb-doped
phosphate glass

4 Yb-doped
phosphate glass

5 Ho:Tm-doped
ZBLAN glass

6 Tm-doped
fluorogermanate
glass

7 Nd-silicate glass
8 Yb Bismuthate
glass
8 Er:Yb-doped
phosphate glass
9 Er:Yb-doped

phosphate glass

10 Er-Bismuthate
glass

11 Yhb-phosphate

glass

12 Yb bismuthate
glass

Wavelength
(nm)

15335

1560
1534

1537.62

1033

2052

1091

1064

1035

1534

1535

1560

1058

1039

Slope
efficiency
(%)

2

6.6
8.4

20

15

79

27

48

Output Remarks
power
(mW)
1.7 Fibre-waveguide
cavity
23 Fibre-waveguide
30 cavity
0.37 Monolithic
102 Monolithic
76 Integrated cavity
32 Integrated cavity
7.5 Extended cavity
163 Quasi-monolithic
5 Ring laser cavity

0.1 CNT passive mode-

locking
1.6 ps, 16.7 MHz
1.25

MHz
81 SESAM mode-
locking, high
repetition rate
800 fs, 4.9 GHz
Quasi-monolithic
cavity, Q-switched
mode-locking 1.5
GHz, ~1 ps

202
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CNT passive mode-
locking- 320 fs, 40

Reference/
Year of
publication

[88], 2004

[86], 2006

[94], 2008

[95], 2009

[128], 2012

[127], 2011

[90], 2010

[129],2012

[130], 2013

[96], 2006

[89], 2010

[97], 2012

[131], 2013



3.5 Summary

This chapter discussed the application potential of ULI for waveguide laser
development in glass substrates. The typically preferred activeions include Nd, Yb, and
Er. The important features of these rare-earth dopants including their radiative and non-
radiative transitions have been detailed. A section introduced the various SAs used for
passive mode-locking, in order to better understand ultrafast operation in rare-earth
doped waveguide lasers. Finally, waveguide glass lasers fabricated by ULI have been
reviewed. The developments in this field have been analysed based on deterministic
laser performance features such as slope efficiency, average power output, pulse
durations as well as laser cavity designs. ULI based waveguide laser development is
still in its infancy and presents massive application potential, ranging from investigation

of new gain materials to improvements in laser parameters in existing gain media.

63



Chapter 4 — Highly efficient compact waveguide laser in Yb doped

bismuthate glass

4.1 Introduction

Waveguide laser development has emerged as one of the many applications of ULI, a
tribute to the flexibility and versatility of the technique. By suitable optimisation of
irradiation parameters, the nonlinear absorption mechanism that forms the basis of ULI
facilitates waveguide fabrication in almost any transparent material, using the same
laser source. This has led to waveguide inscription in a number of gain substrates for
laser development, as discussed in Chapter 3. Initial research focused on active device
development for the telecom wavelength using silica-based rare-earth doped substrates
[48]; however, silicate glasses have limited amplifier bandwidth and doping
concentration of rare-earths, impacting the performance of the active device.

To overcome the challenges posed by the host material on the active device, a variety of
substrates have been studied. Phosphate glasses have been recognised as a suitable host
for highly Er-doped waveguide lasers in view of their excellent spectroscopic
properties, namely, a broadband emission spectrum around 1.5 pm and long lifetimes of
the Er metastable state [48]. These glass hosts have also been used for high power (~100
mW) waveguide lasers at ~1 um, using Yb-dopants [95]. Yb has a low quantum defect,
reducing pump induced thermal load and resulting in high efficiencies. Other host
glasses studied for ULI waveguide lasers include fluoro-germanate and ZBLAN glasses
[127, 128]. The relatively low numbers of glass hosts analysed for active waveguide
applications makes the investigation of new materials an important research area for

ULI, while providing additional benefits.

New hosts investigated for active photonic device fabrication by ULI include
Bismuthate (Bi,O3) based glass. These materials were initially demonstrated as
promising hosts for waveguide amplifier applications in the telecom wavelength by
virtue of their wide and flat gain spectrum and high Er-dopant solubility. Consequently,
they were studied for ULI device fabrication by Robert Thomson and co-workers at the
Nonlinear Optics group at Heriot-Watt University, resulting in a high gain Er-doped

waveguide amplifier with a peak internal gain per unit length of 2.3 dB cm™ at 1533 nm
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[132]. The substrate was further studied to successfully develop an ultrafast waveguide
laser at 1.56 pum, producing ~320 fs pulses from a CNT mode-locked ring laser cavity
[89]. Thus, bismuthate glass was identified as an excellent glass host for ULI-based

active devices at the telecom wavelength.

In recent years, bismuthate glass has also been studied as a potential host for Yb-
dopants. Researchers at Asahi glass Company demonstrated thermally stable, highly
Yb-doped bismuthate glass with a maximum dopant concentration of ~ 3 mol% of
Yb,03 [101]. A fibre laser doped with 0.5 mol% of Yb,O3; dopant was reported,
producing a slope efficiency of 36%. The unique spectroscopic properties of Yb-doped
bismuthate glass, namely, the absence of detrimental defect zones in the system and the
high Yb solubility further supported by the success in fibre laser development, makes

the glass an important candidate for ULI device applications at 1 um.

Accordingly, the potential of Yb-doped bismuthate glass for ULI has been studied. This
chapter provides a systematic study of this material for ULI-waveguide laser
development. Section 4.2 introduces the gain medium. Sections 4.3 — 4.6 discussthe
waveguide inscription details, with the main variables being the laser repetition rate,
pulse energy and translation speed. The waveguides are characterised based on their
structural morphology and insertion loss. Section 4.6 details the microluminescence
studies performed in order to analyse the ULI-induced material change. The final

section 4.7 features the work towards building an integrated cavity laser.

4.2 Yb-doped Bismuthate Glass

The ytterbium doped bismuthate glass (Yb-BG), developed by Asahi Glass Company in
Japan, has a Yb dopant concentration of 6600 wt-ppm and a refractive index of 2.03.
Figure 4.1 shows the linear absorption spectrum of the substrate measured by a
Shimadzu UV-3100 spectrophotometer, with a peak absorption at 976 nm.
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Figure 4. 1. Absorption spectrum of Yb doped Bi,O3 based glass, with the peak
absorption wavelength corresponding to 976 nm.

Figure 4.2 shows the emission spectrum of Yb-BG as given in Ref. [101], with the
possible transitions from the energy level designated e in the inset in the figure to a, b,
¢, and d, corresponding to the emission wavelengths of 977 nm, 1005 nm, 1029 nm,
and 1060 nm, respectively.
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Figure 4. 2. Emission spectrum of Yb** doped Bi,Os-based glass pumped by a laser
diode at 975nm. [101].
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4.3 Preliminary Waveguide Fabrication Experiments

Waveguide fabrication in any new substrate by ULI first requires the identification of
suitable irradiation parameters. This optimal processing window is achieved by
performing a wide ULI parameter scan. For Yb-BG, Type | waveguides were inscribed
in 15 mm x 10 mm x 2 mm samples using a master-oscillator power-amplifier fibre
(MOPA) laser supplied by IMRA. The details of the inscription setup are given in
Chapter 2, Section 2.6. The laser emits transform-limited pulses of ~340 fs duration
centered at a wavelength of 1047 nm. The polarisation of the beam was set to be
circular. A 0.4 NA aspheric lens was used to focus the laser beam to a depth of ~ 200
pum within the substrate, which was placed on a high precision Aerotech air-bearing
translation stage system. A transverse writing configuration was employed for the
inscription, where the sample was translated through the laser focus in a direction
perpendicular to the incident laser beam. A single scan inscription results in a material
modification measuring ~1.6 um x 8.3 um in dimension. This waveguide asymmetry
was corrected by using the well-established multiscan technique [81]. Therefore,
waveguides were inscribed by translating the sample through the laser focus 20 times,
with each scan offset from the previous one by 400 nm, in a direction perpendicular to

both the incident laser beam and the sample translation axis.

The wide parameter-scan in order to identify the optimal waveguide fabrication window
in Yb-BG was obtained by varying the pulse repetition rate, pulse energy and sample
translation speed. The inscription laser repetition rate was varied from 0.5, 1, 2, 4 up to
5 MHz, providing a systematic investigation of material modification with repetition
rate. For each repetition rate, the laser pulse energy was varied between 30 — 200 nJ.
Sample translation speeds of 1, 2, 4, and 8 mm s™ were used for each set of parameters.

4.4 Waveguide Characterisation

Initial characterisation of femtosecond-laser-written waveguides is performed by a
number of sequential techniques. Microscope observation of the inscribed structures
provides an estimate of the physical dimensions of the waveguide, along with a first
indication of the guiding properties. The waveguiding in the structures is then analysed
by viewing their mode profiles at the wavelength of interest. The most significant
parameter is the insertion loss (IL), which determines the quality of the waveguide.

Total IL consists of coupling loss at the input and output waveguide facets and the
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propagation loss within the waveguide. The propagation loss or how low the IL value is,

estimates the usefulness of a waveguide for device applications.

In the Yb-BG sample, after waveguide inscription, the substrate end facets were ground
and polished. This was followed by waveguide characterisation, as discussed in the next

section.

4.4.1 Waveguide Morphology

For initial characterisation, the waveguide cross-sections were analysed using a white
light microscope working in the transmission mode. As mentioned previously, this
simple microscope observation provides an estimate of the physical dimensions of the
waveguide, and most importantly, the type of laser-induced modification. Laser induced
material damage is identified as dark, non-guiding regions under the microscope,
whereas a positive refractive index change results in an inscribed region that has a
brighter contrast relative to the surrounding bulk. The latter configuration is analogous
to an optical fibre with its denser core surrounded by a lower-index cladding and it also

represents typical waveguiding in Type | inscription.

In Yb-BG, for high laser irradiances ~ 190 nJ material damage was observed,
characterised by a dark waveguide core surrounded by the unmodified substrate. This is
shown in Figure 4.3(a). With a decrease in laser irradiance, the type of material
modification was found to change to a refractive index increment, characterised by a
bright central core relative to the surrounding unmodified region. Figure 4.3 (b) shows
this modification regime observed at ~166 nJ, a pulse energy just below the material
damage threshold for Yb-BG, which ranges from 175-185 nJ at 500 kHz repetition rate.

Figure 4. 3. Cross-sectional view of waveguides written at 500 kHz laser repetition rate
in the Yb-BG substrate. (a) Damaged core inscribed at a laser pulse energy of 192 nJ
(b) Guiding structures inscribed at a laser pulse energy of 166 nJ.
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The regions of laser-induced positive refractive index change in Yb-BG were then
mapped with respect to laser repetition rate, to estimate any change in waveguide
morphology due to this particular inscription parameter. Figure 4.4 shows the variation
in morphology for waveguides inscribed at repetition rates of 5 and 1 MHz, for similar
pulse energies. At a lower laser repetition rate of 1 MHz, close to square cross-sections
are obtained. These waveguides have a physical width of ~ 8 um, in good agreement

with the multiscan parameters of 20 scans offset by 400 nm.

For a high repetition rate of 5 MHz however, relatively large structures with almost 3 x
multiscan-width are obtained. These waveguides have a characteristic tear-drop shape,
consisting of a central elongated region flanked by an outer ring. This change in
waveguide cross-section can be attributed to thermal accumulation effects typical at
these repetition rates. At 5 MHz, the time interval between subsequent pulses falling on
the substrate becomes much lesser than the thermal diffusion time of ~ 1 ps, resulting in
an accumulation of heat at the focus. Following laser exposure, the accumulated heat
gets transferred to the surrounding, extending the laser-heated region far beyond the
focal volume. These tear-drop structures achieved in Yb-BG are similar to those
observed in EAGLE 2000 borosilicate glass by Eaton et al.[133] and, in chalcogenide
glass by Psaila et al. [113]. The central elongated region can be attributed to the high
temperatures accompanying pulse absorption, and the surrounding ring due to thermal
diffusion that occurs at an erratic rate due to the incomplete cooling between pulses
[133].

Laser repetition rate- 5 MHz
Pulse energy - 30 nJ (a)

- 5um

Laser repetition rate- 1 MHz
Pulse energy-37 nJ (b)

- 5um

Increasing scan speedinmms™(1,2,4,8) —>

—— — e

Figure 4. 4. Microscope images of the waveguide cross-sections in Yb-BG substrate for
inscription laser repetition rates of (a) 5 MHz and (b) 1 MHz. The pulse energies are
similar, within 10% of each other.
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To determine the effect of pulse energy for laser inscription in Yb-BG, the waveguide
cross-sections with respect to pulse energy were analysed for each laser repetition rate.
Figure 4.5 gives the microscope images of waveguides inscribed at 1 MHz, in the order
of decreasing pulse energies, from (a) 65 nJ to (d) 38 nJ. A trend from tear-drop
structures to square cross-sections can be observed following this pulse energy decrease,
similar to the cross-sectional trend noticed with laser repetition rates. This tear-drop
morphology at high pulse energies ~65 nJ but a lower repetition rate ~ 1 MHz can be
explained by the large laser absorption from a single high energy pulse, which becomes
equivalent to the accumulated heat typical at ~5 MHz. This results in an increased

diffusion scale length extending the modified region beyond the focal volume.

(a)65n) (b)53nJ (c)47n) (d)38nJ

Figure 4. 5. Transmission mode optical micrographs of selected waveguide end-facets.
Each structure was inscribed using a laser repetition rate of 1MHz and sample
translation speed of 2 mm.s™. The pulse energy used to inscribe each structure is given
below each image.

Another parameter that influences the ULI waveguide cross-section is the translation
speeds used for the device inscription. The scan speed defines the number of pulses
incident per spot. Hence, for a lower scan speed, there is a higher dwell time per spot,
resulting in a more intense modification, and vice versa. For the scan speeds of 1, 2, 4,
and 8 mm s, employed for ULI in Yb-BG, a variation in material modification was not
as evident as with other inscription parameters of laser repetition rate and pulse energy.
Similar waveguide cross-sections are obtained for all scan speeds, as shown in Figure
4.4. However, a difference in waveguide morphology with scan speed is noticeable by a
careful analysis of structures inscribed at 5 MHz. In Figure 4.4(a), for 1 mm s scan
speed, the modification tends towards material damage characterised by a weak guiding
of light. This is a clear distinction with the waveguide inscribed at 8 mm s™ that has a

brighter contrast compared with the unmodified sample.

Thus, the initial characterisation of Yb-BG waveguides based on structural morphology

alone gives an insight about the inscription parameters which provide a positive
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refractive index change and close-to square cross-sections. Square cross-sections are
desired since the geometry ensures a symmetric waveguide and thus a well-guided
mode. For Yb-BG these are achieved for waveguides inscribed at lower pulse energies
and repetition rates. This inscription regime is associated with uniform modification and
lower scattering centres leading to low propagation losses in comparison to the uneven

heating effects at higher laser absorption at the focus.

4.4.1 Insertion Loss Characterisation

The insertion loss (IL) of the waveguide is the most important parameter in determining
the quality of the inscribed waveguide. It provides an upper limit to the loss attributed to
the waveguide, which in turn determines the effective guiding within the structure. IL is
usually measured using a fibre-optic test bed, and defined as the loss incurred in the
signal power when a waveguide is inserted into the system. IL comprises propagation
loss (PL) within the medium and coupling losses (CL) at the input and output ends of
the waveguide. This can be expressed as,

IL=PL+ 2CL (4.1)

The PL is typically made up of the absorption in the sample, plus scattering and
radiation losses. The CL includes the Fresnel reflections at the waveguide facets. The
Fresnel loss can be determined from the refractive indices of the materials involved. For

normal incidence, the Fresnel loss R is given by,

R —(nl_n2>2 4.2
F= ny +n, (4.2)

where n; and n; are the refractive indices of the two interacting media.

Figure 4.6 shows the schematic of the experimental setup used to measure the IL of Yb-
BG waveguides. An Nd: YAG laser operating at 1064 nm was chosen for the
measurement, since the substrate has minimal absorption at this wavelength. Thus, any
loss contribution due to absorption is eliminated from the system. As shown in Figure
4.6, the free-space input laser is coupled into a fibre using a x30 aspheric lens. The

fibre is connected to the main line of a tap coupler, with both its outputs connected to a
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switch, which is in turn connected to a calibrated detector, KD Optics DATS 01 HP.
The 1.1% tap line is used for monitoring the coupling of the laser output into the
coupler fibre. Initially, the 98.9% arm of the coupler is directly connected to the
detector as shown in Figure 4.6 (a) and the corresponding reading is recorded as the
signal reference value, Srer. Then the fibre along the 98.9% arm is broken, cleaved and
butt coupled using index matching gel onto either side of the inserted waveguide; see
Figure 4.6 (b) .The power transmitted now is recorded as signal S;. If the powers are

recorded in dBm, then the insertion loss in decibels is given as:

IL(dB) = Sye; — S: (4.3)

The sample and the aligned fibres are mounted on an xyz translational stage system
with pitch and yaw adjustments. The index matching gel with a refractive index n ~1.45
reduces the Fresnel reflections at the interfaces. The measured loss value gives an upper
bound of the IL of the waveguides. In other words, any change in terms of coupling will

contribute only towards an increase in the IL value.

Tan C | Switch
ap toup erl.l% Reference (
arm 3
2
Nd:YAG 1 4 Detector
Laser
98.9%| Sample arm
1064nm (a)
1.1% Reference
arm | 3\
pr=ry
98.9%
Inserted
Waveguide
(b)

Figure 4. 6. Experimental setup used for the insertion loss measurements.
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Figures 4.7 - 4.10 gives the IL with respect to laser pulse energy for waveguides written
in Yb-BG substrate at laser repetition rates of 1, 2, 4 and 5 MHz respectively.
Waveguides are written for 4 translation speeds: 1, 2, 4, and 8 mm s™. The experimental
error in the insertion loss measurements as estimated from the fluctuations at the

detector is ~0.4 dB, as indicated by the error bars.
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Figure 4. 7. IL measurements in Yb-BG waveguides with increasing laser pulse
g_qergies for 1 MHz. Waveguides are inscribed at translation speeds of 1, 2, 4 and 8 mm
The waveguides written at 1 MHz follow a gradual decline in IL values with decreasing
pulse energies, as shown in Figure 4.7. At high pulse energies ~ 80 J, the material
modification experiences strong thermal effects. The resultant structures are a
combination of possible material damage or uneven cooling at the focus. The higher
occurrence of scattering and absorption centres at these pulse energies results in a
higher IL for the waveguides. As the pulse energy is lowered, the material modification
occurs solely by a well-defined refractive index modification that results in IL values <
2 dB. At even lower laser pulse energy, <45 nJ, the modification becomes weaker,
characterised by weak guiding at 1064 nm and resulting in higher IL values.
Waveguides with insertion loss < 2 dB for the 15 mm long samples were obtained for
laser pulse energies between 45 - 65 nJ, indicating a favourable window for waveguide

fabrication.
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Figure 4. 8. IL measurements in Yb-BG waveguides with increasing laser pulse
energies for 2 MHz. Waveguides are inscribed at translation speeds of 1, 2, 4 and 8 mm
-1
s™.
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Figure 4. 9. IL measurements in Yb-BG waveguides with increasing laser pulse

qergies for 4 MHz. Waveguides are inscribed at translation speeds of 1, 2, 4 and 8 mm
S
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Figure 4. 10. IL measurements in Yb-BG waveguides with increasing laser pulse

energies for 5 MHz. Waveguides are inscribed at translation speeds of 1, 2, 4 and 8 mm
-1
s™.

At higher repetition rates of 2-5 MHz as shown in Figures 4.8 to 4.10, the IL values are
higher, > 3 dB. This can be attributed to the unpredictable nature of refractive index
modification that accompanies cumulative heating effects. Notably, few waveguides
inscribed at 5 MHz at sample translation speeds of 1, 2, and 8 mm s™ exhibited low
losses < 1.5 dB, as shown in Figure 4.10. However, the losses could not be replicated
for further waveguide inscription at the same parameters, indicating the erratic nature of

material modification at these repetition rates.

4.5 Optimal Waveguide Fabrication

Optimal waveguides are ideally characterised by low propagation losses. One method to
measure the PL is the cut-back technique, where the IL is measured for various lengths
of the sample by cutting it back. By assuming identical coupling for each measurement,
the PL can therefore be estimated. Since Yb-BG samples are unique and far from
dispensable, cutting back samples is not practical. However, inscription of identical
waveguides in two samples of different lengths can help estimate an upper bound for

the PL. This experimental technique include a number of assumptions, including
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uniform polishing of the end facets after waveguide inscription and identical coupling

losses.

Accordingly, waveguides were inscribed in a 50 mm long sample at a laser repetition
rate of 1 MHz and pulse energies between 45 — 65 nJ. The longer length of the sample is
additionally suitable for improved gain for laser experiments. After waveguide
inscription and post-polishing, the IL value obtained for the ~ 48 mm long sample were
compared with that of the 15 mm substrate, resulting in a PL of ~ 0.2 dBcm™. As a first

estimate, this upper limit for the PL value is quite low.

For the laser experiments, waveguides with close-to square cross-sections in the ~ 48
mm sample were used. Figure 4.11 shows the IL values of these waveguides measured
using the same experimental setup given in Figure 4.6. The loss values are found to be
consistent with those obtained for the initial fabrication experiments, confirming the
repeatability of ULI. IL < 3 dB was obtained for most of the waveguides inscribed at
pulse energies between 40 and 65 nJ. The optimal processing window for Yb-BG
sample which was further used for active waveguide characterisation is given in Table
4.1. The waveguide inscribed at a pulse energy of 52 nJ and sample scan speed of 8 mm

s, having an IL of 2.4 dB was used for subsequent laser experiments.

8 I , 1MHz

Insertion Loss (dB)

30 40 50 60 70
Pulse Energy (nJ)

Figure 4. 11. Insertion loss versus inscription laser pulse energy at 1 MHz. The
waveguides are inscribed in ~48.5 mm sample at scan speeds 1, 2, 4 and 8 mm s,
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Table 4. 1. Processing window for ULI in Yb-BG substrate which provides low-
insertion loss waveguides.

ULI parameters used for Yb-BG substrate
Wavelength 1047 nm

Pulse repetition rate 1 MHz

Pulse duration ~350 fs
Focusing objective 0.4 NA

Laser Polarisation Circular

Pulse energy 40- 65 nJ
Sample Translation Speed 1,2, 4,8 mms™*

4.6 Microluminescence Studies

Spectroscopic analysis of waveguides is an important step in terms of optimisation of
the ULI process for any particular substrate. It allows investigation into the nature of
material modification occuring due to ULI. One powerful spectroscopic tool is confocal
microluminescence; a non-destructive method that can characterise structures at the
micron scale. Thus, it provides information about the modified material as well as the
surrounding unmodified region. Waveguide spectroscopy in Yb-BG was therefore
investigated using microluminescence studies, to analyse the laser induced structural
changes in the glass responsible for the formation of optical waveguides in Yb-BG. This
part of the work was done using the setup at the Universidad Autonoma de Madrid

through collaboration with Professor Daniel Jaque.

The experimental setup consists of a fibre-coupled scanning confocal microscope, as
shown in Figure 4.12. A 0.55 NA IR objective was used to focus a 920 nm excitation
laser beam onto the sample. The excitation wavelength was so chosen in order to
analyse the emission spectrum of Yb at the zero phonon line, which corresponds to the
sharp Yb emission peak around ~ 976 nm as shown in Figure 4.2. This zero phonon line
Is very sensitive to perturbations within the material, and any change in this parameter
for the ULI structures with respect to the unmodified region, will in turn reflect the

nature of material modification.
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Figure 4. 12. A fibre coupled scanning confocal microscopy setup used for the
microluminescence studies for Yb-BG waveguide.

The laser spot was linearly scanned across the waveguide cross-section, the scan line
being shown in Figure 4.13 (a). The resulting back-emitted fluorescence along this scan,
in the wavelength range of 960-1100 nm, was collected by the same IR objective and
spectrally analysed by a high resolution spectrometer. In particular, the nature of the
zero phonon line ~ 976 nm is studied. This is performed by the analysis of two
important parameters, namely the Yb emission intensity at ~976 nm and the linewidth

of the zero phonon line.
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Figure 4. 13. (a) Facet image of the waveguide used for microluminescence studies, (b)
Yb emission intensity across waveguide, (c) Yb emission linewidth of the zero phonon
line across waveguide.

Figure 4.13 (b) shows the Yb emission intensity obtained along the linear scan.
Typically, a decrease in fluorescence emission, termed fluorescence quenching, occurs

when there are defects within the matrix or with a change in the Yb-dopant density. For
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Yb-BG, as can be observed in Figure 4.13 (b), the emission intensity has a flat response
with no observable change in fluorescence within the waveguide volume. This therefore
indicates the absence of defect induced fluorescence quenching. Also, the fluorescence
properties of the Yb ions are maintained even after waveguide inscription. Based on
previous results, we attribute this to the presence of thermal assisted defect
recombination during the ULI processes, which is favored by the high repetition rate
used in this work that provides rapid annealing [68]. Thus, the ULI process does not

change the Yb distribution, nor does it create a significant density of defects.

Although the fluorescence efficiency is not affected by the ULI process, ULI does affect
the fluorescence linewidth of the zero phonon line. This is illustrated in Figure 4.13 (c),
which gives a variation in the emission linewidth within the waveguide with respect to
the surrounding unmodified material. A small increase in the emission linewidth of
~1.6% is observed in the irradiated area. This indicates a slight distortion of the glass

matrix, which could account for the local refractive index increase.

Thus, the microluminescence studies establish that the ULI waveguides in Yb-BG are
produced with a minimum perturbation of the original glass network. The process has
not created any defects nor caused a Yb migration as indicated by the emission intensity
profile. These results show the exceptional suitability of Yb-BG substrate for ULI based

active device experiments, which are discussed in the next section.

4.7 Yb-BG Waveguide Laser

The main advantage of a waveguide geometry is the possibility of developing compact
monolithic laser systems. In order to test this, a linear, compact laser cavity was
designed and built, incorporating the active waveguide. The cavity consists of the laser
end mirrors sandwiching the Yb-BG waveguide gain medium. The length of the cavity
is therefore the length of the waveguide, being ~ 48 mm. The schematic of the laser
cavity is given in Figure 4.14 (a), with a photograph of the cavity in Figure 4.14 (b).
The pump source was a 975 nm fibre-coupled diode laser (Lumics LUQ975M330-
1002F10D) with a maximum output power of 265 mW. The diverging output at the
fibre end of the pump was collimated and then focused into the waveguide using x 30
aspheric lenses, L; and L,. The plane mirrors that form the laser cavity mirrors were

butt-coupled to the waveguide end facets using an index matching gel. The pump mirror
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M; is a dielectric mirror with high transmission at the pump wavelength and a
reflectivity > 99.9% in the 1010 — 1200 nm wavelength range (Layertec 104965). To
optimise the cavity, 8 - 10 output coupler mirrors (CVI Melles Griot), represented as M,
in Figure 4.14 (a), with transmissions ranging from 3% to 89% were used. The laser
emission from the waveguide was collected using a x10 aspheric lens Ls. After
eliminating any residual pump laser using a dichroic mirror DM, the laser output was
measured using a thermal power meter (Coherent FM/GS). The following section
details the laser performance features, quantified in terms of the input-output power

measurements, laser spectral characteristics, and mode-profiles.
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Figure 4. 14. (a) Schematic of the laser cavity. M1: Pump mirror, M2: Output coupler,
DM: dichoric mirror to separate the pump and laser signal, L1, L2 and L3 : lenses. (b)
Photograph of the linear integrated cavity. Green upconversion at the pump wavelength
can be observed along the waveguide length.

4.7.1 Laser Performance

The performance of any laser system is quantified in terms of certain characteristic
parameters including the laser threshold, slope efficiency and operating wavelength.
Laser threshold refers to the input pump power where laser emission starts to occur. The
slope efficiency is defined as the slope of a plot of output laser power versus pump
power. The ultimate limit on the efficiency of a laser is determined by the quantum
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defect (Qd) of the system, which is defined as the difference in pump and laser photon

energies. As a percentage, the quantum defect (Qd) can be expressed:

hvyaser Apump

Qd = (1 - ) x 100 = (1 - ) x 100 (4.4)

hvpymp ALasER

For typical Yb-doped systems, with a pump transition at 975 nm and the laser output at

1030 nm, the quantum defect is:

APUMP

975
) x 100 = (1—

— B0
103()) x100 =5% (4.5

0d = (1—

LASER

Thus, 5% of the pump power is wasted as heat or as photon re-absorption. The
remaining ~95% of the pump energy can be converted into laser photons.

For the Yb-BG waveguide cavity, stable CW laser operation was obtained with all
output couplers. Laser oscillation was also obtained without using an output coupler,
due to the Fresnel reflection at the waveguide facet. For the Yb-BG — air interface, with
their refractive indices of 2.03 and 1 respectively, the Fresnel loss is given as

r _(nl—n2>2_<2.03—1)2_1150/ »
F=\n +n,) \203+1) 77 (4-6)

Table 4.2 gives the CW laser performance for each output coupler. The output power as

a function of pump power for selected output couplers is given in Figure 4.15.
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Table 4. 2. The output couplers used to characterise the Yb-BG waveguide laser
performance, and the corresponding results. A 975 nm pump laser with a maximum
power of 265 mW was used for each measurement.

Output Coupler Output Pump Slope Laser
Transmission Power Threshold Efficiency Wavelength
at 1060nm (mW) (mW) (%) (nm)
(%)
5.5 112.7 56 31 1042, 1049
10 101.5 38 44 1040
19 130.6 60 62 1006,1029,1037
30 163.3 62 79 1030,1035
41 117.3 89 65 1036
42 146.8 74 75 1037,1044
63 118.1 106 72 1023
70 104.8 112 66 1038
83 88.6 146 72 1025
89.5 45.4 202 76 1028
88.5/ Fresnel 46.1 201 81 1025
1756
Output
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Figure 4. 15. Laser power as a function of absorbed pump power for different output
couplers.
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The waveguide laser shows efficient lasing for all output couplers, with the lowest slope
efficiency of 30% attained with a mirror having 5.5% transmission at 1064 nm. The
maximum slope efficiency is obtained for a cavity configuration with no output coupler.
The end mirror is then formed by the 11.5% Fresnel reflection at the output end-facet,
resulting in a slope efficiency of ~81%, which is close to the quantum defect limited
value. A maximum output power of 163 mW is generated for an output coupling of
30%, with a corresponding slope efficiency of 79%.

4.7.2 Waveguide Loss Estimation based on Laser Performance

The propagation loss constitutes an important parameter that governs the performance
of a waveguide laser. The waveguide PL can be estimated from the laser parameters by
a number of methods based on the type of laser system. For four-level lasers, the loss
can be estimated using a Findlay-Clay analysis whereas Caird Plots provide an estimate
of loss in quasi three-level lasers. The Yb-BG waveguide laser forms a quasi three-level
system. The PL in the cavity can therefore be estimated directly by a Caird plot
analysis. A Findlay-Clay analysis can also be used, by accounting for additional loss
due to re-absorption. The following section details both the Findlay-Clay analysis and
Caird plots for Yb-BG system to provide a comparative analysis for the loss in the

system.

The Findlay-Clay method [134] is used for waveguide loss estimation in four-level
lasers, by an analysis of laser threshold values for different output couplers. At the laser
threshold value, the cavity round trip gain exactly matches the cavity round trip loss,

and can be expressed as [134],

where g is the gain at threshold, « is the loss in the cavity per unit length and [ is the
length of the cavity. R, and R, are the reflectivity values of the cavity mirrors. We
assume R;~1, since it corresponds to the highly reflective pump input mirror. For an
unsaturated gain medium, the gain is directly proportional to the pump power, and thus

equation 4.7 can be expressed as:

Pr = K(L—1In(Ry¢) ) (4.8)
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where all the physical constants are grouped as K. Py corresponds to the pump power at
the laser threshold, L ~ 2al is the cavity round trip loss and R is the reflectivity of the
output coupler. By plotting laser threshold versus —In(R,), the cavity round trip loss
can be determined from the x-intercept of the linear fit. This method can be used for a
quasi-three level system such as Yb-BG, for which the cavity round trip loss L also

contains loss due to re-absorption.

Figure 4.16 shows the Findlay-Clay analysis for the Yb-BG waveguide laser, with the
pump threshold plotted versus —In(R,). The cavity round trip losses were estimated
by evaluating the x-intercept value of the linear fit to the experimental data, as 0.52 +
0.084 dB. The length of the waveguide being 48 mm, the corresponding waveguide

propagation loss is therefore 0.054 + 0.008 dB cm™. This value includes re-absorption

losses.
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Figure 4. 16. Findlay-Clay analysis for the Yb-BG waveguide laser. The round trip
cavity loss as given by the x-intercept is 0.52.

A more accurate method to estimate losses in quasi-three level lasers is by the Caird
Plot method [135], which has little dependence on re-absorption losses. This method is
based on the dependence of laser slope efficiencies on the cavity round trip loss,
including the transmission at the output coupler. The Caird plot uses the relation,
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1_ 1+L 1 (4.9)
n Mo MNoToc .

where n is the slope efficiency of the laser, n, is the intrinsic slope efficiency or the

theoretical maximum value, L is the round trip propagation loss, and T, is the

transmission of the output coupler. By plotting a straight line for % Versus Ti the
oc

intrinsic slope efficiency n, can be calculated from the intercept, and the propagation

loss L can be estimated from the slope. For the Caird plot method of waveguide loss

N 1 1 _
estimation, a plot of - versus —— was performed for the Yb-BG waveguide laser as
oc

shown in Figure 4. 17.
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Figure 4. 17. The Caird plot for the Yb-BG waveguide laser. The intrinsic slope
efficiency is the inverse value of the y-intercept of the linear fit.

The intrinsic slope efficiency is obtained from the linear fit to the data as the inverse of
the y-intercept. n, is ~ 90.8% + 6%, close to the quantum defect limited slope efficiency
of ~95% typical of Yb-doped systems. The cavity propagation loss is then calculated
from the slope of linear fit, and obtained as L= 10.44% + 1.1%. For a cavity length of
48 mm, the loss is then 0.011 + 0.001 cm™.The propagation loss of the waveguide can
be calculated as, 0.047+ 0.004 dB cm™.

85



For the Yb-BG substrate, both Findlay-Clay and Caird plots provide comparable values
of PL. Both methods were compared to estimate the re-absorption losses in the system
as ~ 0.007 dB cm™. The low propagation loss of the waveguides can account for the
excellent laser performance in the Yb-BG linear cavity. This is supported by the

microluminescence studies.

4.7.3 Modelling the Laser Performance: Rigrod Analysis

The optimal operating conditions for the waveguide laser, which involve a trade-off
between low threshold pump power and high slope efficiency can be estimated by
modeling the laser performance using a Rigrod type analysis [136, 137]. The Rigrod
model provides information about the useful power output from a laser based on the

small signal gain g,, saturation intensity I,,;, and parasitic losses within the cavity.

Small signal gain g, is defined as the single pass gain experienced by an infinitely
small signal when no amplifier saturation occurs. Saturation intensity I, IS that
intensity at which the small signal gain drops to 1/e of its value, and parasitic loss

corresponds to the total loss in the system excluding the useful output coupling.

Circulating
Intensity
I
2—’ Iout
.. I
Parasitic 4 Useful
losses, losses,
imperfect output
mirror etc. coupling
R, 1 R,
Is
M1 M2

Figure 4. 18. The representation of gain and loss elements in a standing wave cavity,
for Rigrod analysis. The possible loss in the system is accounted at both cavity mirrors.
The input mirror introduces parasitic losses due to the mirror imperfections, whereas
the output coupling constitutes useful losses. The counter propagating waves contribute
towards the saturation of gain.

The Rigrod approach is based on a model of two counter propagating beams I and I,

within a standing wave laser cavity, similar to the waveguide laser. Figure 4.18 gives a
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representation of the circulating intensities in a standing wave laser cavity that
comprises a gain medium between cavity mirrors M and M,. My is the HR mirror with
a typical R~ 100%. M, corresponds to the output coupler. According to the model, the
forward propagating beam in the cavity I, begins with an intensity I, at the mirror My,
and ends with an intensity I, at mirror M,. A portion of this beam is transmitted by the
output coupler M, as useful laser output. The remaining quantity constitutes 1., which
travels in the reverse direction compared to I.. Thus, I. begins with intensity I3 at mirror
M., and gets amplified within the gain medium to reach a value 14 at M;. This cycle gets

repeated in the laser cavity.

For this model, it is assumed that the intensity of both the counter propagating waves
contribute to the gain saturation at a position within the cavity. Also, the parasitic losses
within the cavity are concentrated at one point in the cavity, here, M. The intracavity

intensity I, for the standing wave cavity can then be expressed as [136, 137],

Isa:(goL + In/RiR;) (4.10)
1+ g—i—Rz — JRR,

12:

where, Iy, IS the saturation intensity, g, is the small signal gain, L is the length of the
cavity, R, is the parasitic loss in the cavity and R, is the useful output coupling at M.

The useful laser output from the standing wave cavity is then given as,
Ioc = (1= Ry, (4.11)

For the Yb-BG waveguide laser, the experimental values of the laser output power I,
for each output coupler value R, can be fit to the above equation 4.11 to estimate the
saturation intensity , Iy, the small signal gain, g,, and the parasitic losses in the
cavity, R, . Figure 4.19(a) shows the experimental data and the theoretical fit obtained
by Rigrod analysis. The best fit of the Equation 4.11 to the experimental data yielded an
optimum output coupling of ~30%, parasitic losses of 0.96% and a saturated power of
147 mW.
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Figure 4. 19. (a) Output power vs. output coupling for a pump power of 265 mW. The fit
was obtained using Rigrod analysis. (b) Slope efficiency and threshold measurements
for 30% optimal output coupling.

For the optimum output coupling of 30% for the waveguide laser, a maximum output
power of 163 mW for 265 mW incident pump power was obtained resulting in an
optical conversion efficiency of 62%. The laser has a low threshold of 35 mW. The
corresponding slope efficiency () was 79%, as shown in Figure 4.19(b); this value
being the highest for a ULI-based waveguide laser at the time. The maximum output

power was limited only by the available pump power.

The laser emission spectrum for the 30% optimum output coupling, measured using
Advantest Q8384 Optical Spectrum Analyzer set at 0.5 nm resolution, is shown in
Figure 4.20(a). It consists of two peaks separated by a few nanometers. The guided laser
mode, shown in Figure 4.20(b), has a Gaussian intensity profile with a mode field

diameter of 8.88 um in the horizontal axis, and 8.75 pm in the vertical axis.

The laser beam quality was analysed using M? measurements using a knife edge and
presented in Figure 4.21. An M? value of 1.3 was obtained along the axis defined by the

number of ULI scans and a value of 2.4 was obtained along the confocal parameter axis.
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The variation from the ideal M? ~1 along the latter is attributed to the multi-modal

nature of the waveguide. These results were published in Optics Letters [138].
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Figure 4. 20. (a) Emission spectrum of the Yb Bismuthate waveguide laser. (b) Near
field distribution of the output beam.
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Figure 4. 21. M? measurement data of the Yb-BG waveguide laser
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4.8 Conclusions

In this chapter, the applicability of Yb-BG substrate for ULI active device fabrication
has been investigated. Low-loss waveguides were achieved in the substrate by the
optimisation of the inscription parameters. This was followed by the demonstration of a
highly efficient CW laser from the low-loss waveguide. Optimum output coupling of
30% resulted in a high laser slope efficiency of 79% that is close to the quantum defect
limit and, a high optical conversion efficiency of 62%. The outstanding laser
performance can be understood to arise from the high quality of the laser glass. This is
confirmed by the micro-luminescence studies that indicate well-preserved properties of

Yb ions in the bismuthate glass even after waveguide fabrication.
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Chapter 5 — Nonlinear optical characterisation of graphene

5.1 Introduction

Graphene is the 2-D allotrope of carbon, with the carbon atoms tightly packed into a
hexagonal lattice. Just one-atom thick, graphene has been studied theoretically as early
as 1947 [139] as it forms the basic building block for other carbon allotropes with
different dimensionalities. As shown in Figure 5.1, graphene can be wrapped to form
zero-dimensional (0-D) fullerenes, rolled to form 1-D CNTs and stacked to form 3-D
graphite. 2-D graphene was isolated only recently, in 2004, by Andre Geim and
Konstantin Novoselov [140]. This achievement was followed by increased research into
this material due to its exceptional properties in terms of tensile strength, electrical and
thermal conductivity, flexibility and optical transparency [125] with the huge impact

leading to a Nobel prize merely 6 years after its first production.

The property of graphene of relevance here is its saturation in optical absorption that
makes it ideal for passive mode-locking of lasers. In graphene, for any excitation, there
is always an electron-hole pair in resonance. Despite being only one atom thick, the
material absorbs 2.3% of incident light for wavelengths spanning UV to THz [141]. The
property of absorption saturation for a broad spectral range along with ultrafast recovery
times in graphene has been widely utilised for passive mode-locking of lasers, including
solid-state bulk, fibre, semiconductor and waveguide lasers [142, 143]. Fast saturable
absorption is also exhibited by the 1-D allotrope of carbon, namely, CNT [142, 143].
Unlike the broadband absorption in graphene, the wavelength of operation in CNTs is
determined by their chirality or diameter of the tubes. Tuneability is possible by using a

wide diameter distribution, but with the risk of an increased loss in the system [142].
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Figure 5. 1. (a) Graphene is the 2-D allotrope of carbon consisting of a planar
honeycomb lattice. It forms the basis for other allotropes of carbon. Graphene can be
wrapped to form (b) 0-D fullerenes, rolled to form (c) 1-D carbon nanotubes, and
stacked to form (d) 3-D graphite. Reproduced from Ref [125].

This chapter discusses the unique properties of graphene which makes it ideal as a
passive mode-locking element. Section 5.2 describes the optical properties of graphene
and its ultrafast SA performance based on its bandstructure. The optical properties of
CNTs are also discussed for completeness. Section 5.3 introduces the nonlinear optical
characterisation techniques used to quantify a SA. Saturable absorption in graphene is
then investigated at different wavelengths, and with respect to the number of graphene

layers.

5.2 Saturable Absorption in Carbon Nanostructures

In any solid, the valence electrons of the atoms making up the material experience a
periodic potential within the lattice due to the influence of other electrons and ions.
According to quantum mechanics, these electrons are restricted to discrete energy states.
In macroscopic structures, however, with a large number of atoms, the allowed discrete

states of each electron combine to form continuous manifolds called energy bands.
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Theoretically, every material has a large number of bands which may overlap or be
separated by a bandgap; which is the range of energies where there are no allowed
energy states. Of these manifolds, the most important bands and bandgaps in a material
occur in the vicinity of the Fermi level, which is defined as the energy state which has a
50% probability of being occupied by an electron. The nature of the material, as a metal,
semiconductor or an insulator is then based on the nature of the bands near this Fermi
level, namely, the valence band and the conduction band.

The range of allowed energies for an electron within a solid is determined by the
electronic bandstructure. It is represented as a plot of electron energies E(k) versus the
wavevector k. This expression is also termed as the dispersion relation, and is derived
using different theoretical models in a reciprocal lattice, depending upon the type of
material. A reciprocal lattice, obtained by taking the Fourier transform of the original
lattice wavefunction, is chosen, since the wavevector k can be represented as a point in
this space. The reciprocal lattice does not describe a physical object. Rather, it is a
geometrical tool for dealing with problems in the theory of diffraction and electronic

structure of solids. A primitive cell in this reciprocal lattice is termed the Brillouin zone.

For covalent compounds such as graphene, the band structure is based on a tight binding
model or tight binding approximation (TBA) which treats the final wave function as a
linear combination of atomic orbitals. The dispersion relation is obtained by considering
the solutions to the Schrddinger equation in a periodic potential. The following section
describes the electronic band structure in graphene and CNT based on TBA and the

resultant unique physical properties.

(a) Graphene

Monolayer graphene comprises of a hexagonal lattice of carbon atoms as shown in
Figure 5.2(a). Each of the carbon atoms has 4 valence electrons, three of which form in-
plane ¢ bonds with three neighbouring carbon atoms via sp? hybridisation. The 4™
valence electron occupies the p, orbital. The overlap between neighbouring p, orbitals
perpendicular to the plane results in the formation of m and ©* bonds, which are weakly
bound to the carbon atoms and have higher energies than the ¢ bonds. The dispersion
relation in graphene is obtained from the TBA model with these © and n* bonds, and
was first calculated by Phillip Russell Wallace in 1947 [139].
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The hexagonal lattice in graphene can be considered as two interpenetrating sublattices,
with lattice vectors a; and a, as shown in Figure 5.2(a). In the figure, the two sub-
lattices are distinguished as red and blue atoms, namely, A and B. Transformation of the
real atomic lattice of graphene into the reciprocal lattice yields a hexagonal first
Brillouin zone, with the lattice vectors represented as b; and b,; see Figure 5.2(b). A

single hexagonal unit cell in the real lattice contains 2 atoms.

First Brillouin
zone b,

(a) Real space atomic lattice (b) Reciprocal space lattice

Figure 5. 2. (a) Real space hexagonal atomic lattice of graphene consisting of two
sublattices, represented by atoms in red and blue. a; and a, are the lattice unit vectors.
(b) The reciprocal lattice space representation of graphene. The lattice points in k-
space are denoted by the black dots. The shaded region denotes the first Brillouin zone
or the Wigner-Seitz unit cell in k-space. Adapted from [144].

Applying TBA to the reciprocal lattice of graphene shown in Figure 5.2 (b) yields the
energy dispersion of graphene, which is given in Figure 5.3. The bandstructure of
graphene consists of two bands, the  or valence band, and the 7+ or conduction band.
Both bands touch at 6 points termed K points or Dirac points situated at the edges of the
first Brillouin zone in the reciprocal lattice [143]. Each carbon atom in graphene
contributes one m electron and being fermions that are governed by Pauli’s exclusion
principle the electron may occupy either a spin-up or a spin-down state. As a result, the
lower band in graphene is completely full and the conduction band is completely empty.
The Fermi level is situated at the K point where the © and n* band touches. Since the
valence and conduction bands of graphene touch but do not overlap, graphene is termed
as a zero bandgap semiconductor. This implies that irrespective of its energy, an

incident photon can be absorbed by graphene.
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Figure 5. 3. Bandstructure of graphene. (a) Dispersion relation under TBA model. The
valence and conduction bands meet at 6 points in the K-space called as K-point or
Dirac point. These 6 points corresponds to the edges of the hexagonal Brillouin zone.
(b) Near the Dirac point, the dispersion relation is linear. Reproduced from Ref [143].

Near the K-point, the band structure of graphene is approximately linear [143]. While
conventional solids are described by the Schrodinger equation, low energy electrons in
graphene are described by the Dirac equation that is typically used to describe
relativistic massless electrons. This leads to a situation where, for low energy
excitations < 4 eV [143], the electrons in graphene behave like massless particles. The
high conductivity in graphene is a consequence of this massless property of the

electrons, which can then travel at speeds close to the speed of light.

The linear dispersion relation also ensures a 2.3% linear absorption per layer for low
energy excitations < 4 eV. In graphene, there is an electron-hole pair in resonance for a
broad spectral range, which occurs as a result of the linear scaling in the size of the gap
between the bands (not the bandgap) with respect to the Dirac point. This is illustrated
in Figure 5.4(a).
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Figure 5. 4. The saturable absorption in graphene. (a) The linear dispersion relation in
graphene. The blue and green cones represent the conduction band and valence band
respectively. The solid arrows indicate excitation processes leading to linear optical
absorption. The different colour coding indicates different frequencies of incident light
(b) Absorption of an incident photon of energy hv, resulting in the excitation of an
electron from the valence to the conduction band. (c) Intraband decay within the
valence and conduction bands. This leads to a loss in carrier energy leaving room for
further absorption of incident light into the same energy levels. (d) Absorption
saturation in graphene at high irradiances that occurs as a result of completely filled
lower energy levels.

The saturable absorption property in graphene arises from its band structure. For an
incident photon of energy hv, there is always an electron-hole pair in resonance leading
to absorption, as shown in Figure 5.4(b). No further absorption takes place, since by
Pauli’s exclusion principle, no two identical fermions or carriers in this case, can
occupy the same quantum state. The absorbed electron in the conduction band loses
energy by intraband collisions or intraband decay and migrates to lower energy levels
within the same band. A similar process occurs within the valence bands for holes. The
carriers (electrons and holes) first lose energy by collisions with other carriers, which
occur in few fs time scale [145]. This is followed by collisions with the lattice, resulting
in decay to lower energy levels. This intraband decay process, depicted in Figure 5.4(c),
prevents the decay of the excited electrons back into the valence band but meanwhile
allows the absorption of more electrons to the same initial level in the conduction band.
When all the lower energy states in the conduction band and valence band become full
by the intraband decay of carriers, the absorption of the incident light saturates, as

shown in Figure 5.4(d). The material thereafter is transparent.
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Graphene exhibits fast saturable absorption, with two recovery time scales associated
with carrier relaxation [145]. The initial fast relaxation, of the order of ~100 fs is due to
carrier-carrier and carrier-phonon transitions within the valence and conduction bands
[143, 145], the process illustrated in Figure 5.4(c). The slower relaxation time ~ 1-2 ps
occurs as a result of interband scattering between carriers and phonons, leading to the

recombination of electrons and holes.

5212 CNT

Single walled CNTs were discovered in 1993 by S. lijima [146]. A CNT comprise of
rolled up monolayer graphene with a typical tube diameter ~ 1 nm and length ~ 1 pm
[143]. The type of cylindrical tube depends on how the graphene sheet is rolled and is
expressed in terms of a parameter called chirality or the Chiral vector Cy. The Chiral
vector denotes two connecting points in a graphene layer whilst rolling to form a CNT

and is described in multiples n and m of the in-plane lattice vectors a; and ay, as,

C, = na; + may = (n,m) (5.1)

Figure 5.5 shows a monolayer graphene sheet with lattice vectors a; and a,. The shaded
section in the layer indicates the portion that is rolled to form the CNT. A and B denote
the connecting points in the graphene layer, which after rolling become a single point on
the CNT tube surface. The Chiral vector connects these points A and B in the graphene
sheet, and by vector addition, is represented by 5 units of a; (n=5), and 2 units of a,
(m=2). The Chiral vector is therefore, C, = 5 a;+2 a, = (5,2) and provides a definite
description of the structure of the CNT. Depending on the chiral vector, there can be

different tubular structures for the CNT, as shown in Table 5.1.

The transition from 2-D graphene to 1-D CNT is associated with an electron
confinement or boundary condition occurring at the circumference of the tube. The
electronic band structure of CNT is obtained by considering a graphene plane folded
into the Brillouin zone in the reciprocal lattice and applying the TBA model. While
graphene is a zero gap semiconductor, with the occupied m and unoccupied n* bands
meeting at the K points in the Brillouin zone, CNTs can be metallic or semiconducting
depending on the cylinder type and the zone folding. If the K point in the graphene
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Figure 5. 5. The 2-D graphene sheet with lattice vectors denoted as a; and a,. Cy,
represented by line segment AB is the chiral vector. The tubes are formed by matching
the end-points A and B of the chiral vector. The CNT structure is obtained by folding
the graphene sheet through the connecting points represented by C. In this case C,=5
a;+2 a,= (5,2). Reproduced from Ref [143].

Table 5. 1. The tubular structure of CNT and the corresponding Chiral vectors.

CNT Tubular | Chiral Vector
Structure
Zig-Zag m=0
(orn=0)
Arm-chair n=m
Chiral n#m

bandstructure is mapped into the first Brillouin zone in the CNTs, then it results in
metallic properties for the tube [143]. The nature of the CNT depends on the chirality of
the tube and is governed by the following criterion, which is satisfied for metallic CNTs
[143],

n—m= 3k (5.2)

where K is an integer. Semiconducting CNTs do not satisfy this criterion.

98



Figure 5.6 shows the band structure of metallic and semiconducting CNTs obtained by a
superposition of graphene energy bands under a boundary condition, using the TBA
model. Corresponding to the graphene Dirac points or K-points included in the
superposition, many sharp peaks appear in the valence band (Vi, V»...) and the
conduction band (Cy, C,,...), of the resultant CNT. These peaks are called van Hove
singularities [143], and are illustrated in Figure 5.7 (a) and (b), which shows the energy
level structure or density of states of metallic and semiconducting CNTS. The optical
properties in CNTs occur as a result of electronic transitions between the V1-C, V2-C,
states of CNTSs, represented as transitions E;; and E2,. The energy gap corresponding to
each van Hove singularity depends on the CNT structure. For semiconducting CNTs
the bandgap depends on the tube diameter [143]. Thus by having nanotubes with a
proper diameter distribution, the peak absorption can be tuned over a broad spectral

range.

(a) E (b) ¢
CB
K‘x 'cx
—
VB
Metallic Semiconducting
n-m=3k n-m * 3k

Figure 5. 6. Bandstructure of (a) metallic CNT and (b) semiconducting CNT.
Reproduced from Ref [143].
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Figure 5. 7. Density of states of (a) metallic CNT and (b) semiconducting CNT. Adapted
from Ref [143].

Similar to graphene, the absorption between two energy levels in CNTs also saturates at
high irradiances [143]. The subsequent recovery time is inherently fast. For
semiconducting CNTs, the E;; transition has a recovery time of ~1 ps, and for Ey
transition, corresponds to ~ 100 fs [143]. These properties make them ideal for passive
mode-locking. The property of fast saturable absorption was first demonstrated in CNT
in 2003 [147], before it was observed in graphene. The first CNT mode-locked laser
was demonstrated in 2004 by Set et al.[148], the same year as the first isolation of pure
2-D graphene by Novoselov et al. [140]. While the SA property in CNT has contributed
significantly for ultrafast laser development [142], research around the world is
currently focused on graphene mode-locking due to its superior properties, most
importantly, broadband operation. Following a similar trend, the next section is focused

on graphene, and describes the nonlinear absorption measurements in the material.

5.3 Nonlinear Optical Characterisation

The nonlinear optical properties of a SA provide the defining parameters of the absorber
such as the modulation depth, AR, non-saturable loss, ARy, and saturation fluence, Fe.
The modulation depth refers to the maximum change in optical absorption and is

typically expressed in percentage of transmission or reflectivity, depending on the type
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of SA device. The non-saturable loss is the amount of loss in the system even after the
absorber is bleached. The saturation fluence parameter refers to the fluence required to
cause significant absorption saturation. These parameters for a SA are deduced from
nonlinear absorption measurements, where the absorption or transmission of a SA is
plotted with respect to incident laser pulse fluence [149]. The laser fluence can be

derived from known values of the laser repetition rate and pulse duration.

In the case of mirror based SAs such as a SESAM, where transmission studies are not
possible, the device is characterised based on its reflectivity [149]. Figure 5.8,
reproduced from Haiml et al. [149] shows the theoretical curve for the saturation of a
SESAM as a function of pulse fluence, in both the linear and log scale where, Ry,

corresponds to the linear reflectivity and Ry, the reflectivity of the SAM at absorption

saturation.
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Figure 5. 8. Theoretical plot for nonlinear reflectivity R versus incident pulse energy
fluence Fp. Left: linear scale. Right: logarithmic scale. Rjin: linear reflectivity; Rps:
reflectivity at absorption saturation, AR: modulation depth,; ARys: nonsaturable losses
in reflectivity; Fsa: saturation fluence. Reproduced from Ref [149].

The characteristic parameters of the device can be deduced from the plot based on a
model function, which provides a relation for the reflectivity R of the SAM with respect
to the input pulse fluence, F,. The function is based on a travelling wave model that
uses the rate equations for a two-level system, and is given as [149],

In|1 +§l—$(e5 1)

S

R(E,) = Rys (5.3)
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where S is the saturation parameter defined as S = F,/Fsq.. The modulation depth of
the SA is then derived as AR = R, — R;;;,, and the non-saturable loss as, AR, =1 —

R, as previously introduced in Chapter 3.

Figure 5.9 shows the schematic of the measurement system used for nonlinear
reflectivity studies, adapted from Haiml et al. [149]. The setup is used for nonlinear
optical characterisation of graphene at 1064 nm, as discussed in the next section. The
laser source is a Fianium fibre laser at a central wavelength of 1064 nm, repetition rate
of 1 MHz and pulse duration of 1 ps. The collimated laser output has a beam diameter
of 3 mm. The power of the laser is varied by using a variable attenuator system
comprising of a half-wave plate and a polarising beam splitter (PBS). The half-wave
plate rotates the polarisation of the incident beam, which is then split by the PBS into

two beams of orthogonal linear polarisations.

By varying the relative angle between the half-wave plate and the PBS, the average
laser power introduced into the system can be varied. At the point A in Figure 5.9, after
the attenuator system, the average power output of the Fianium laser can be varied from
0 - 140 mW. At the focus of a 200 mm focal length lens, this corresponds to a
maximum pulse fluence of 2230 pJ cm™. The attenuator system in combination with
additional neutral density filters provides an input fluence range for the experiment that

can be varied by up to three orders of magnitude.

The linearly polarised laser beam is then split into two paths, indicated as ‘calibration
arm’ and ‘sample arm’, as shown in Figure 5.9. The laser beam along the calibration
arm is sent to detector D)y. The other beam is passed through the device under test
(DUT). The DUT is placed on a mirror mount and xy translation stage at the focus of a
200 mm lens to achieve the required pulse fluence at the SA. The reflected light at the
SA is collected at detector Doyr. This method using two detection arms allows the
elimination of the laser noise by subtracting the outputs from the two detectors. The
reflectivity of the device is measured as the ratio of reflected intensity at Doyt to the
incident intensity at Dy.

Lock-in detection is used in order to eliminate other noise sources such as the

background light and the photodetector dark currents. Using a lock-in amplifier,
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selective amplification is possible, where the signal that is oscillating in phase with a
reference signal at a specific frequency is amplified and all other signals are rejected. A
chopper is therefore inserted into the laser beam path to modulate the signal.
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Figure 5. 9. Schematic of the experimental setup to measure the nonlinear optical
properties of graphene. The pulsed laser after appropriate attenuation is incident on the
beam splitter which splits the laser along two arms. The beam along the ‘calibration
arm’ is measured by Detector D\y. The beam along the ‘sample arm’ is focused by lens
L, onto the device under test (DUT). The reflected beam from the DUT is measured by
detector Dout. The chopper allows a lock-in detection, used to reduce background noise
in the measurement.

5.3.1 Graphene Saturable Absorption

The most important feature of graphene SA is the broadband tuneability of the absorber
by virtue of its linear dispersion relation. This has led to a definite shift in research
interests, from CNT-SA to graphene SA, to study the application potential of the latter.
The following section investigates the dependence of graphene absorption saturation on

(a) operating wavelength and (b) number of graphene layers in the SA.

103



5.3.1.1 Wavelength Independent Absorption

The nonlinear absorption of graphene SA at 1 um and 2 um was studied. The graphene
samples were obtained through a collaboration with the Cambridge Graphene Centre,
University of Cambridge, UK. The graphene SA was prepared by Liquid Phase
Exfoliation (LPE), a process where, graphite flakes are dispersed in a solvent which
undergo ultrasonication and centrifugation to obtain a final dispersion containing small
flakes of few layer and single layer graphene. This process is well-suited for mass
production and is economical compared to other fabrication techniques such as
chemical vapour deposition. The sample used for the experiments was prepared by LPE,
yielding a graphene dispersion in deionised water with added sodium deoxycholate,
which is a surfactant or a dispersant used to prevent clumping of the graphene flakes.
The dispersion then undergoes vacuum filtration via 25 nm pore-size filters. This blocks
the flakes while allowing the water to pass through resulting in a graphene film. For the
optical absorption experiment, the film was placed on a partial reflector at 1 um, and on
a quartz plate. Pressure and heat were applied for two hours, followed by dissolution of
the filter in acetone [131]. The partial reflector has a reflectivity of 90% at 1064 nm
making the graphene film coated mirror ideal for characterisation measurements in the
reflection mode.

The experimental setup used for the optical characterisation of the graphene is given in
Figure 5.9. Initially, a commercially available SESAM from Batop, designed for 1064
nm and with a high modulation depth was used to calibrate the setup. By varying the
incident pulse fluence, the saturable absorption in the device was mapped out. Using the
model fit given in Equation 5.3, the saturation fluence of the SESAM is calculated as 24
nJ cm? with a modulation depth of 42%. These values are in good agreement with the
manufacturer’s data of 19 uJ cm™ saturation fluence, and a modulation depth of 40%,

confirming the measurement accuracy of the experimental setup.

For the characterisation of the graphene film deposited on a 90% reflectivity mirror,
referred to as GF-SAM, the device was placed at the DUT position as shown in Figure
5.9. The position of the GF-SAM was adjusted to be at the focus of the lens L; using the
translational control in the xy sample stage. For an incident collimated laser beam of 3
mm diameter and focused down by a 200 mm focal length lens, the focal spot size is
calculated to be ~0.09 mm. This corresponds to a maximum laser pulse fluence of 2230

uJ cm™ at the SA. The pulse fluence was varied from zero to this maximum value to
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determine the range of the nonlinear reflectivity of the GF-SAM, as shown in Figure
5.10. The parameters of the SA were derived by fitting the experimental curve to the
model fit given in Equation 5.3. The SA has a saturation fluence of 10.1 pJ cm?, a
modulation depth of 17.6% and a non-saturable loss ~ 30%. The sample was used for
laser mode-locking of a Yb-BG waveguide laser, which will be discussed in the next

chapter. These results including Figure 5.10 were published in Optics Express [131].
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Figure 5. 10. Nonlinear reflectivity versus incident pulse fluence for graphene SA at
1064 nm. A model fit was used to derive the SA parameters: F,, =10.17 pJ cm?, AR =
17.6 %, and AR,,; = 30%.

To measure the properties of graphene at a different wavelength of 2 um, graphene film
coated on a fused silica substrate was used. An experimental setup similar to that in
Figure 5.9 was used, however in transmission mode due to the nature of the sample. The
sample was placed at the DUT position along the focus of the lens, and the transmitted
laser beam was collected by the detector Doyt at the far side of the sample. The laser
used was a Spectra-Physics optical parametric amplifier generating ~100 fs pulses at a
repetition rate of 1 kHz, and centred at 2 pum. The input pulse fluence is varied in
incremental steps to investigate the saturable absorption property of the sample. Figure
5.11 gives the evolution of device transmittance with respect to the incident pulse
fluence. Fitting the data to the model function yields a saturation fluence ~59 uJ cm™, a
modulation depth ~8.4% and non-saturable losses ~ 28% for graphene at 2 um. This
part of the work was done in collaboration with Giorgos Demetriou, also in the

Nonlinear Optics Group at Heriot-Watt University. The results are used to characterise a
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graphene based Tm:YAG laser at 2 um and the corresponding paper submitted to the
Journal of selected topics in Quantum Electronics.
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Figure 5. 11. Nonlinear transmittance versus incident pulse fluence for graphene SA at
2 um. A model fit was used to derive the SA parameters: Fy,; =59 pJ cm?, AR = 8.4 %,
and AR,,; = 28%.

The SA parameters of graphene at 1 pm and 2 pum wavelengths are summarised in
Table 5.2. Both the graphene samples are fabricated by the LPE method. The saturation
fluence of the GF at 2 pm is 59 pJ cm™. While the value is higher than that at 1 pm,
both the values are of the same order of magnitude. The samples have identical non-
saturable losses loss values ~30%. In terms of modulation depths, the values for the two
samples differ by < 10%. The experimentally obtained SA parameters are therefore
consistent with theoretical wavelength independent nature of saturable absorption in
graphene [150]. While the wavelength dependent nature of absorption saturation in
graphene has been studied previously [29], the saturable absorber parameters such as
the modulation depth and saturation fluence vary depending on the type of graphene
sample and the number of layers. In that regard, this study focused on LPE graphene
samples contributes to the already vast literature, as experimental evidence for

wavelength independence.
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Table 5. 2. Nonlinear optical properties of graphene SA at different wavelengths.

Graphene SA at | Graphene SA at
lum 2 Um
Saturation fluence (nJ cm™) 10 59
Modulation Depth (%0) 17.6 8.4
Non-saturable Loss (%0) 30 28

5.3.1.2  Number of Graphene Layers

Monolayer graphene, despite being only one-atom thick, absorbs ~2.3% of the incident
light in a wavelength independent manner. Also, the absorption in graphene scales
linearly with the number of graphene layers [143]. This property makes it important to
study the nonlinear absorption behaviour of graphene with respect to the number of
layers. An increase in the graphene layers is found to increase the non-saturable loss in
the system due to additional loss per layer, and consequently decrease the modulation
depth [151]. This section investigates the absorption saturation in graphene based on the
number of layers. Since controlling the number of layers of graphene is essential for the
experiment, graphene grown by chemical vapour deposition (CVD) was selected over
the LPE technique. In the CVD method, a chemical reaction between a combination of
gas molecules within a reaction chamber and a substrate surface produces uniform
layers of graphene. While LPE produces few layer graphene, it does not provide the
precise control of layers that CVD can afford. The samples were obtained through a
collaboration with Graphene Research Centre, National University of Singapore, and

are listed in table 5.3.
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Table 5. 3. List of CVD graphene samples used for nonlinear optical characterisation of
graphene. The change in SA properties with respect to the number of graphene layers is
investigated. FLG- Few layer graphene with 5-7 layers. MLG — monolayer graphene.

Sample Name Description
1| MLG-1 Monolayer graphene (MLG) coated on a quartz substrate
2 | MLG -2 Monolayer graphene (MLG) coated on a quartz substrate
3 |FLG-1 Few layer graphene, with 5-7 layers coated on a quartz
substrate
4 | FLG -2

Few layer graphene, with 5-7 layers coated on a quartz

substrate

S [ FLG- MirrorT10 Few Layer Graphene (FLG) with 5-7 layers, coated on mirror

with 10% transmission at 1064 nm

6 | FLG —MirrorT40 FLG, with 5-7 layers coated on mirror with 40% transmission

at 1064 nm

In order to obtain a clear distinction about the variation of SA properties with the
number of graphene layers, monolayer graphene (MLG) absorption was compared with
multi-layer graphene that comprises of 5-7 layers. In this section, the 5-7 layer graphene
sample is referred to as few layer graphene (FLG). The availability of duplicate
samples, namely 2 MLG samples and 2 substrates with FLG, ensures additional
accuracy in the SA parameter estimation. FLG was also coated on partial reflectors with
a transmission of 10% and 40% at 1064 nm, named FLG-MirrorT10 and FLG-
MirrorT40 respectively. These samples are practical SA devices or SAMs that can be

used for passive mode-locking of solid-state bulk or waveguide lasers.

The absorption saturation measurements for the graphene substrates were performed at
a laser wavelength of 1064 nm using the experimental setup given in Figure 5.12. Since
the majority of samples constitute graphene samples on quartz substrates, not suited for
reflectivity measurements, the setup is designed for nonlinear transmission

measurements. The setup is obtained by modifying that in Figure 5.9 from nonlinear
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reflection to transmission mode. The laser, with 1 MHz repetition rate at 1 ps pulse
duration was operated at 140 mW average laser output to provide a maximum pulse
fluence of 2230 pJ cm™ at the focus of the 200 mm focal length lens (L;) along the
sample arm. The graphene sample was placed at the DUT position, and the transmission
through the sample with increasing pulse fluence is mapped out. The corresponding
plots are given in Figures 5.13- 5.18. The measured transmittance of each sample is
referenced using an identical non-coated substrate, such that the response of only the

graphene film is obtained.
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Figure 5. 12. The experimental setup for nonlinear transmission measurements of
graphene.
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Figure 5. 13. Nonlinear transmittance versus pulse fluence for monolayer graphene
(MLG) coated on a fused silica substrate. MLG Sample-1
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Figure 5. 14. Nonlinear transmittance versus pulse fluence for monolayer graphene
(MLG) coated on a fused silica substrate. MLG Sample-2.
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Figure 5. 15. Nonlinear transmittance versus pulse fluence for few layer graphene
(FLG) coated on a fused silica substrate. FLG Sample-1
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Figure 5. 16. Nonlinear transmittance versus pulse fluence for few layer graphene
(FLG) coated on a fused silica substrate. FLG Sample-2.
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Figure 5. 17. Nonlinear transmittance versus pulse fluence for graphene coated on
output coupler for 1064 nm. The mirror has a 10%T at 1064 nm.
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Figure 5. 18. Nonlinear transmittance versus pulse fluence for graphene coated on
output coupler for 1064 nm. The mirror has a 40% T at 1064 nm.

The SA parameters for the graphene samples derived using the model fit given in
Equation 5.3 are tabulated in Table 5.4. The graphene samples are found to have a small
modulation depth <5%, making them ideal for passive continuous wave mode-locking.
The SA parameters for single graphene layers are comparable, with AR values of 3.3 %
amd 3.7%, and AR, values of 2.4% and 2% for MLG-1 and MLG-2 samples
respectively. Similarly, the FLG samples have comparable SA parameters, thereby
confirming the accuracy in the measurement system. The non-saturable loss in MLG
system is ~ 2% whereas for FLG samples, AR, ~ 13.4%. This provides an experimental
confirmation for the increased non-saturable loss with graphene layers due to additional
loss contribution per layer. The graphene film on output couplers with 10% and 40%

transmission has a modulation depth of 3.3% and 4.7% respectively. These values are
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comparable to the AR values of FLG samples. The saturation fluences for the samples
range from 90 — 214 pJ cm, with the value almost half for the high reflectivity mirror.
This could be explained by the 90% reflectivity in the mirror structure which leads to a
higher amount of average light absorption by graphene due to a double pass within the
film, in comparison with the 60% reflectivity mirror. The non-saturable loss in the FLG-
MirrorT10 was 8%, comparable to ~13.4% in the other FLG samples. However, for the
output coupler with a 40% transmission at the laser wavelength, the non-saturable loss
was found to be low ~1.6%. One explanation for this anomaly could be the use of the
difference substrates with varied transparencies at the laser wavelength. As the non-
saturable loss value corresponds to that of mono-layer graphene, a defect in the sample
could also be a possible factor, especially since the graphene film tended to detach

easily from the substrate.

Table 5. 4. Saturable absorber parameters for the different graphene samples

Sample Modulation | Saturation Non-
Depth (%0) Fluence saturable
(uI/em?) | losses (%)
MLG-1 3.3 214 2.4
MLG -2 3.7 170 2.0
FLG -1 4.9 186 13.4
FLG -2 3.5 194 13.4
FLG- MirrorT10 3.3 90 8
FLG — MirrorT40 4.7 140 1.6

5.4 Conclusion

The saturable absorber properties of graphene have been investigated. A variation of
nonlinear reflectivity (or transmittance, depending upon the samples) with respect to
incident pulse fluence has been studied. A model function based on travelling waves in
a two-level system has been used to derive the key parameters of saturation fluence,
modulation depth and non-saturable losses of the SA. Firstly, a nonlinear reflectivity

study has been performed at two distinct wavelengths, at 1 um and 2 um. The study
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yielded similar SA parameters confirming the wavelength independent absorption
saturation in graphene. Secondly, the dependence of the number of graphene layers for
saturable absorption was investigated. With an increase in graphene layers, the non-
saturable loss of the SA is found to increase. The use of these SAs for laser mode-

locking is investigated in the next chapter.

113



Chapter 6— Ultrafast pulse generation in an integrated cavity Yb-

doped bismuthate glass waveguide laser

6.1 Introduction

The emerging interest for miniaturisation of optical devices based on on-chip
integration has resulted in an increased interest in the development of compact ultrafast
laser sources. A waveguide laser inherently satisfies this criterion, while maintaining a
laser performance comparable to other systems. In Chapter 4, a compact high efficiency
CW laser was demonstrated in a Yb-BG waveguide. In this chapter, ultrafast operation
from this laser is investigated using the predominant SA technologies, namely, SESAM,
CNT and graphene. Section 6.2 provides an introduction to ultrashort pulse generation
and the measurement techniques used for quantifying them. In Section 6.3, passive
mode-locking using semiconductor SAs is discussed. The laser performance using
CNT-SA and graphene SA are described in Sections 6.4 and 6.5, respectively.

6.2 Characteristics of Ultrashort pulses

Ultrashort pulses, by definition, have pulse durations less than few tens of ps, and are
achieved by various mode-locking technologies, previously outlined in Chapter 3.
Mode-locking refers to the locking in phase of the longitudinal modes in a laser cavity.
In a standing wave laser cavity such as the Yb-BG waveguide laser, with light bouncing
between two parallel mirrors, only discrete frequencies of light are supported by

constructive interference. This is governed by the relation,

— =1 (6.1)

where m represents the mode order, A is the wavelength of light and L is the length of
the cavity. These allowed set of frequencies are called the longitudinal modes of the
cavity. All other frequencies interfere destructively. According to Equation 6.1, the
modes oscillate at different wavelengths corresponding to different allowed values of
the integer m. However, the allowed frequencies are also restricted by the gain

bandwidth of the laser medium. Thus, only those values of A that correspond to the gain
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bandwidth, and that satisfy Equation 6.1 will be amplified. The frequency difference Av

between the longitudinal modes in a standing wave cavity is defined as:

av= < (6.2)

where L is the optical path length of the cavity. In the case of an integrated waveguide
laser, the size of the gain medium determines the length of the cavity. Thus, Equation
(6.2) can be modified to:

c

Ay = —
v 2nL

(6.3)

where n is the refractive index of the gain medium. As the number of superimposed
longitudinal modes increases, the pulses become shorter. The pulse duration and

spectral width of the laser are related by the time-energy uncertainty principle as:

At.AE

v
N S

(6.4)

Or,

[N

At.Aw > = (6.5)

N

According to this equation, the generation of ultrashort pulses dictates broad spectral
bandwidth for the laser. For example, a NIR pulse with 100 fs pulse duration utilises
~10 nm bandwidth. Equation 6.5 corresponds to the product of the pulse duration and
the spectral bandwidth and is known as the time-bandwidth product (TBP) of the pulse.
Since experimental quantities are measured based on the full-width at half-maximum
(FWHM) values, the relation between the pulse duration and spectral bandwidth is
modified to,

At.Av > K (6.6)
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where At is the FWHM pulse duration, Av is the FWHM frequency bandwidth and K is
the TBP value, dependent on the shape of the pulse. Table 6.1 lists the TBP values
corresponding to different pulse shapes, including Gaussian and hyperbolic secant
(sech?). When the equality in Equation 6.5 is reached, the pulses are called transform-
limited, and their instantaneous frequency is time-independent. The pulses then have the
lowest duration for a particular spectral bandwidth. Conversely, for a given pulse
duration, transform-limited pulses are those with the minimum possible spectral width.
A pulse which is longer than its transform-limited duration is termed chirped. A chirped
pulse is characterised by a variation in the instantaneous frequency that occurs as a

result of dispersion.

Table 6. 1. The different values of TBP or K, depending on the pulse shape.

Pulse Shape K
Gaussian function 0.441
Exponential function 0.140
Hyperbolic secant 0.315
Lorentian function 0.142

The design for a linear cavity laser generating ultrashort pulses consists of the gain
medium, cavity mirrors and most importantly, a SA, as shown in Figure 6.1. The role of
an SA for short pulse generation was previously discussed in Chapters 3 and 5.
Following pulse formation in the standing wave cavity by locking of the modes in
phase, the pulse is extracted from the cavity at the output coupler, a partial mirror that
allows a small percentage of the beam to pass through, to form the output of the laser.

The laser output is then quantified based on the following parameters.
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Figure 6. 1. Schematic of a linear cavity laser. The gain medium consists of a
waveguide inscribed in an active glass. Ultrafast laser operation is achieved by fast
saturable absorption provided by the SA.

(1) Pulse duration: The most characteristic property of an ultrashort pulse is its
duration. For ultrashort pulses with durations of the order of ps-fs, an
autocorrelation measurement is performed, where the ultrashort pulse itself is
used as a reference to measure its duration. In an autocorrelator, the laser pulse
is split into two using a beam splitter and, the two beams have a varying delay
with respect to each other. The two pulses are then recombined within a
nonlinear material. Based on the mode of interaction of light within the
nonlinear material, the measurement is classified as intensity autocorrelation or

interferometric autocorrelation.

In an intensity autocorrelation, the two laser beams with a delay between them
are overlapped in a second harmonic crystal. A resultant signal is generated at
twice the frequency of the incident beam, and available for an intensity
measurement at the detector. The schematic of the experimental setup for an
intensity autocorrelation is shown in Figure 6.2. The autocorrelation
measurement is obtained as a plot of signal intensity versus the pulse delay. The
laser pulse duration Az, is determined from the FWHM value, At,, of the pulse
intensity. The actual pulse duration Az, is inferred based on the shape of the pulse.

Atgc
1.543°

. At
For Gaussian pulses, AT, = —=
1.414

, and for sech’ pulses, AT, =
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Figure 6. 2. Experimental setup for an intensity autocorrelator using an SHG
crystal. The SHG pulse is measured with respect to the delay to yield an
autocorrelation trace.

In the case of interferometric autocorrelation measurements, the two laser beams are
overlapped in the detector to measure the two-photon absorption (TPA) signal. The
input laser is initially split into two paths using a beam splitter. One of the beams is
reflected by a mirror placed on a translation stage, whereas the other beam is
reflected by a high reflector that is positioned on a speaker. The speaker system
allows the mirror to oscillate at the required frequency such that the two pulses scan
across each other as they overlap at the detector. The detector, which gives a
nonlinear response to the incoming beam, measures the TPA signal as a function of
the interferometric optical delay between the interacting pulses to give an

interferometric autocorrelation.

Optical Spectrum: The optical spectrum of an ultrafast laser provides information
about the wavelength of operation as well as the spectral bandwidth. With the
FWHM bandwidth and the pulse duration, the TBP of the laser pulse can be

determined, as mentioned previously.

Laser power: The average power output of the laser can be measured with respect to
the input pump power, using appropriate detectors. The slope efficiency of the laser
can be determined from this characteristic curve. The pulse energy of the laser is

also inferred from the average power measurements.
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(4) Radio frequency (RF) spectrum: The laser output detected by a photodiode and fed
to a RF spectrum analyser provides direct information about the repetition rate of
the laser, since the spectral region of radio waves spans the frequencies typical of
laser pulses. In addition to the fundamental frequency, the RF spectrum also
provides information about the harmonics, and most importantly, the mode-locking

stability of the pulsed laser.

The following sections detail the passive mode-locking experiments for the Yb-BG linear

cavity laser using a number of SAs.

6.3 Semiconductor Saturable Absorber based Laser Cavity

6.3.1 Semiconductor Saturable Absorber Mirror (SESAM)

SESAMs constitute the predominant SA used for passive mode-locking of lasers.
Considering the widespread use of SESAMs for laser mode-locking, even including
commercial systems, these devices serve as the first choice for mode-locking the Yb-
BG laser. The linear cavity design used previously for the CW operation was
maintained for the mode-locking studies, thus preserving the compactness of the cavity.
The schematic of the waveguide laser is shown in Figure 6.3. A 976 nm fibre pigtailed
laser diode was used as the pump source. A fibre optic isolator was spliced onto the end
of this to avoid any back reflections to the pump. The output from the isolator was
collimated and then focused on to the waveguide using two identical x30 aspheric
lenses L; and L. A half-wave plate was used to adjust the pump polarisation.

A linear integrated cavity was used, with the pump mirror and the output coupler
attached to the waveguide facets using an index matching gel. The SESAM forms the
back end of the laser cavity. The ~100% reflectivity of the SESAM implies that the
useful laser output has to be extracted from the pump side. Thus, a dichroic mirror OC
with an output coupling of 4% at 1 um and high transmission ~80% at the pump
wavelength was butt-coupled to the input waveguide facet as shown in Figure 6.3. The
laser radiation from the cavity was collected at this side of the cavity. This is in distinct
contrast from the laser cavity described in Chapter 4, for which the output coupler forms
the rear end of the cavity. A second dichroic mirror DM was used to separate the pump
and laser emission. The maximum launched pump power was measured to be 388 mW

at the position immediately following the half-wave plate in the cavity.
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Figure 6. 3. The schematic of the laser setup incorporating a SESAM for passive mode-
locking. The laser radiation is monitored at the input side of the cavity.

Initially, the CW performance of the laser was characterised using a high-reflectivity
(HR) mirror instead of the SESAM. Lasing was obtained at a wavelength of 1060.6 nm
at threshold pump power of 100 mW; see Figure 6.4(a). The evolution of the average
laser output as a function of incident pump power is given in Figure 6.4 (b). An output
power of 44 mW was obtained for the maximum pump power, resulting in a slope
efficiency of 16%.
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Figure 6. 4. (a) Optical spectrum of CW laser operation in Yb-BG waveguide laser. (b)
Plot of average laser output power versus incident pump power for the CW operation.
The laser has a slope efficiency of ~16%.
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To analyse the pulsed laser characteristics of the cavity, the HR mirror was replaced
with a commercial SESAM from Batop GmbH. The SESAM was selected based on the
fast recovery of the SA. Designed for 1040 nm, the SESAM has a relaxation time of
500 fs, modulation depth of 2.6% and saturation fluence of 50 pJ cm™. Self-starting
QML operation was observed from the cavity at a pump power of 75 mW. The QML
pulse was analysed using a fast photodiode (Thorlabs SIR5-FC) and measured using an
Agilent Infinilum DCA 86100A Wide-Bandwidth Oscilloscope combination. The
mode-locked pulses observed beneath the Q-switch envelope measured a pulse
repetition frequency of 1.51 GHz. This is in agreement with the cavity length, evaluated
using Equation 6.3. The fast oscilloscope trace indicating the high repetition rate is
shown in Figure 6.5. The Q-switched envelope has a lower repetition rate of the order of
100 kHz. With an increase in pump power, the repetition rate of the Q-switched pulses

was found to increase, with a 450 KHz pulse repetition rate measured at the maximum

pump.

Figure 6. 5. Mode-locked pulse train

The laser was found to operate at a different centre wavelength of 1033.7 nm compared
to the CW operation. This transition to a lower laser wavelength can be explained by the
SESAM design, whose operating wavelength is at 1040 nm.; . The optical spectrum for
the QML operation is given in Figure 6.6 (a). A plot of the output power from the
pulsed laser as a function of the pump power is given in Figure 6.6 (b). The laser has a
slope efficiency of 16%, comparable to its CW performance, and an optical conversion
efficiency of 13%. These results were presented at the CLEO-PR 2013 conference
[152].
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In comparison to the CW waveguide laser demonstrated in Chapter 4 with a slope
efficiency ~79%, the above laser has a low efficiency ~ 16%. This can be attributed to
the difference in output coupling in the two cavity configurations. In the high efficiency
Yb-BG laser, the pump was launched at one end of the waveguide and collected at the
other end. The use of such independent ports for pump launch and laser output
eliminates any loss in the pump by using suitable pump mirrors as well as allowing the
optimisation of the cavity using a range of output couplers. In the reflective-cavity using
SESAMs, both the pump launch and laser output are at the input waveguide facet. The
incorporation of the characteristic features of both the pump mirror and output coupler
in a single optic presents an expensive and complicated arrangement, and limits the final
efficiency of the laser. A linear cavity laser similar to that in Chapter 4 for pulsed

operation, is investigated in the following sections.
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Figure 6. 6. (&) The optical spectra for the pulsed operation in the Yb-BG waveguide
laser incorporating a SESAM. (b) The evolution of the output power with the launch
pump. The laser has a slope efficiency of 16%.

6.3.2 Semiconductor Saturable Output Coupler (SESOC)

A SESOC combines the principles of the well-known SESAM and an output coupler.
The difference between a SESAM and a SESOC is the partial reflectivity in the latter.
The use of a SESOC in a Fabry-Perot laser cavity allows the extraction of useful laser
output at the far end of the cavity, instead of at the pump input side of the waveguide.

The subsequent laser cavity is depicted in Figure 6.7.
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Figure 6. 7. Schematic of the laser cavity. The laser output is extracted from the far end
of the cavity.

Commercially available SESOCs from BATOP GmbH were used for the experiments.
The maximum available output coupling was limited to ~3%. This value is well away
from the optimal output coupling value of 30% of the Yb-BG laser as previously
determined in Chapter 4. These devices were however used as an initial SA device for
the pulsed operation. Table 6.2 lists the parameters of the SESOCs used.

Table 6. 2. The specifications of the commercial SESOCs used for the pulsed laser
operation. Obtained from Batop GmbH.

SOC 1040 SOC 1064
Laser Wavelength (nm) 1040 1064
Transmittance (%) 3 3.2
Modulation Depth (%) 6 1.7
Non Saturable Loss (%0) 5 1
Saturation Fluence (pJ cm?) 80 90
Relaxation Time Constant (ps) 1 <3
Absorbance (%) 11 2.7

Two SESOCs were used, namely, SOC 1040 and SOC 1064, distinguished based on
their wavelength of operation. Figure 6.8 shows a photograph of the laser cavity using
the SESOC. Initially, SOC 1040, with an absorbance of 11%, and 6% modulation depth
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was used. The evolution of the output spectra of the waveguide laser with an increase in
pump power for the SOC 1040 is shown in Figure 6.9. The abrupt change from narrow
linewidth CW operation to broadband operation is noticeable and is indicative of pulsed
operation. This transition occurs for a pump power of ~ 50 mW. The working of the
laser was hampered by thermal drifts as a result of the high absorbance value ~ 11% of
the SOC 1040. This is indicated by the different slopes for the evolution of average
output power versus input pump power, shown in Figure 6.10. The laser has a slope

efficiency of 2%, a maximum average power of 9 mW for an input pump of 530 mW.
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Figure 6. 8. The linear cavity waveguide laser using a SESOC.

Using SOC 1064 nm, which has a comparatively lower absorbance ~2.7%, an improved
laser performance was achieved. Self-starting QML was observed at the threshold pump
of 53 mW. Figure 6.11 gives the pulse characteristics, namely, the QML pulse train, the
Q-switched envelope, and the mode-locked pulse train. The mode-locked pulses are
separated in time by ~660 ps, corresponding to 1.5 GHz repetition rate. The laser
produces an average power of ~26 mW for 530 mW pump power, resulting in an optical
conversion efficiency of 5%. The laser has a slope efficiency of ~6%, as shown in
Figure 6.12.
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Figure 6. 9. The evolution of the optical spectra with respect to the pump power. The
pump power for the transition corresponds to ~50 mW.
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Figure 6. 10. Evolution of the average output power versus input pump for SOC 1040.
The laser produces an average output power of 9 mw.
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Figure 6. 11. The QML laser characteristics observed for a pump power of 150 mwW
using SOC 1064. (a) QML pulses which have a repetition rate of ~0.3 MHz, (b) Q-
switched envelope (c) Mode-locked pulse train.
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Figure 6. 12. Output power versus pump power characteristics for SOC 1064. The laser
generated 26 mW average output power. The laser has a slope efficiency of 6%.
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6.4 CNT Saturable Absorber based Laser Cavity

Passive mode-locking was further investigated using the relatively novel SAs based on
carbon nanostructures, namely, CNT and graphene. One of the advantages of these SAs
is their easy integration within a cavity. Different approaches have been used to
incorporate CNT and graphene SAs within solid-state lasers, including free-standing
SA-polymer composite and a SA coating on a suitable optical component. For our
investigation using CNT-SA, the latter was chosen. CNT film was coated on a 40%
output coupler. The 40% transmission for the output coupler was chosen since the value
is close to the optimal coupling of ~30%, as established in Chapter 4. The laser cavity

scheme is identical to that in Figure 6.7.

The cavity was optimised by adjusting the pump coupling efficiency, pump beam
polarisation, and by changing the position of the CNT-SA. The beam spot size on the
SA corresponded to the mode size of the waveguide, ~8.8 um. Self-starting QML was
initiated at an input pump power of ~130 mW. The Q-switched pulse train recorded at
an input pump power of 150 mW is plotted in Figure 6.13 (a). Figure 6.13(b) and (c)
shows the Q-switch envelope and the mode-locked pulses observed beneath the Q-
switch envelope, respectively. The mode-locked pulses have a spacing of ~660 ps,
corresponding to a repetition frequency of 1.51 GHz, in agreement with the cavity
length. The laser repetition rate was also measured using a Rigol DSA 1030 RF
spectrum analyser. Figure 6.14(a) shows the RF spectrum with a fundamental repetition
rate of 1.51 GHz. The magnitude spectrum showing the fundamental repetition rate and
the harmonics of the pulsed laser, measured using a wide-bandwidth oscilloscope is
shown in Figure 6.14(b).
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Figure 6. 13. The QML laser characteristics observed for a pump power of 150 mwW
using CNT-SA in the cavity. (a) QML pulses which have a repetition rate of ~0.3 MHz,
(b) Q-switched envelope (c) Mode-locked pulse train.
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Figure 6. 14. (a) RF spectrum of the Yb-BG laser showing a fundamental repetition rate

of 1.51GHz. (b) The fundamental repetition rate and the higher order harmonics of the
laser pulse.
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With an increase in pump power, the repetition rate of the Q-switched pulses was found
to increase. This is indicative of potential transition from QML to CW mode-locking. At
a pump power of 320 mW, the Q-switched pulses were found to coalesce, as shown in
Figure 6.15(a), while maintaining the mode-locked pulses observed at a time scale of 1
ns/div; see Figure 6.15(b). The overlapping sinusoidal characteristics observed within
the waveform shown in Figure 6.15 (a) suggest a regime of CW-mode-locking,

although it is unstable.

(a) 1 ps/div

1 ns/div

4

Figure 6. 15. (a) The coalesced QML pulses, indicative of CW-mode-locking. The
presence of sinusoidal variations within these pulses indicate the instability in the
laser.(b) The mode-locked pulse train.

The optical spectra for this CW-mode-locking regime shown in Figure 6.16 (a)-(b)
show the existence of 2 peaks at the wavelengths of ~1033.1 nm and ~1037.5 nm. This
could be explained by the multi-modal nature of the waveguide in conjunction with the
broad emission cross-section of the gain medium with the different modes being

supported by the cavity simultaneously at differing emission wavelengths.
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Figure 6. 16. The optical spectra for Yb-BG mode-locked with CNT-SA.

The evolution of the average power output from the Fabry-Perot cavity waveguide laser
with respect to pump power is given in Fig. 6.17. A maximum output power of 112 mW
is obtained for a launched pump power of 530 mW, resulting in an optical conversion

efficiency of 21%. The laser has a slope efficiency of 27%.
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Figure 6. 17. Laser output characteristics for the CNT-SA.
The intensity autocorrelation obtained for the waveguide laser is given in Figure 6.18,
fitted to a sech? function. The pulse duration was inferred to be ~714 fs, confirming the

generation of ‘ultrashort’ pulses from the laser cavity. These results were presented at

the ‘2012 International Conference on Fibre Optics and Photonics’ [153].
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Figure 6. 18. The intensity autocorrelation trace for the Yb-BG laser passively mode-
locked with CNT-SA. The FWHM pulse width is 1.1 ps. Deconvolution with a sech? fit
yields a laser pulse width of 714 fs.

6.5 Graphene Saturable Absorber based Laser Cavity

In the Yb-BG cavity, graphene SA was introduced by two different approaches: as a
free standing graphene-polymer composite, and graphene film on a 40% output coupler.
The former was used following its prevalence for fibre laser mode-locking. The SA
samples were obtained as part of a collaboration with the Cambridge Graphene Centre,

University of Cambridge.

Graphene-Polymer Composite: For the integrated cavity, a graphene-polyvinyl
alcohol (PVA) flake was incorporated between the waveguide end facet and a 10%

output coupler mirror using index matching gel, as shown in Figure 6.19.
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Figure 6. 19. Integrated Yb-BG laser cavity, mode-locked using a free standing
graphene-polymer flake. The flake can be identified as the black film against the
waveguide output facet.

A similar self-starting QML operation was observed from the waveguide laser at a
pump threshold of 100 mW. With an increase in pump power, the QML pulses were
found to coalesce indicating a near CW mode-locking. The sinusoidal fluctuations at
this operational regime however indicate an unstable regime at the threshold of CW
modelocking. An average output of 42 mW was obtained for 530 mW input pump
resulting in a slope efficiency of 11%,; see Figure 6.20.
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Figure 6. 20. Laser output characteristics using a graphene-PVA SA flake.
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Since the graphene-PVA film has a random distribution of graphene flakes across the
sample, obtaining QML operation from the cavity was challenging. When changing the
position of the film, the polymer was found to get damaged, inducing damage to the
waveguide facet as well. The microscope image of the damaged graphene-PVA film is
given in Figure 6.21. The red circles indicate the film damage induced at the waveguide
facet.

Figure 6. 21. Graphene-polymer composite used for passive mode-locking of the Yb-BG
waveguide laser. The low damage threshold of the polymer film induced damage in the
film, as shown by the red circles. The dimension of the circular damage region
corresponds approximately to the waveguide dimension.

Graphene Film on a 40% Output Coupler: An output coupler mirror coated with
graphene was also investigated for laser experiments. Laser operation was observed to
initiate at a threshold pump power of 100 mW in a self-starting QML regime. At the
threshold of operation, the Q-switched pulses were measured to have a repetition rate of
200 kHz, detected using a fast photodiode (Thorlabs SIR5-FC) and measured using an
Agilent Infiniilum DCA 86100A Wide-Bandwidth Oscilloscope. Mode-locked pulses at
a fundamental repetition rate of 1.51 GHz corresponding to the free spectral range of the
cavity were measured within the Q-switched envelope.

Figure 6.22 shows the evolution of QML pulse repetition rate with respect to the
launched input power. As the launch pump power was increased, the time period
between the Q-switched pulses was found to reduce indicating potential CW mode-
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locking. At the highest pump power, the Q-switched pulses had a repetition rate of 0.95
MHz. The constant mode-locked pulse train behaviour measured at a time scale of 500
ps/div is given in Figure 6.23.
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Figure 6. 22. Repetition rate and energy within the Q-switched envelope, as a function
of input pump power.
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Figure 6. 23. Mode-locked pulse train

Mode-locking at the fundamental repetition rate is also verified by measuring the RF
spectrum using a Rigol DSA 1030 spectrum analyser, as shown in Figure 6.24(a). The
relatively broad RF spectrum shown in Figure 6.24 (b) indicates the absence of proper

cw modelocking.

134



20 F
(a) 1.51 GHz

230 L

Intensity

-40 |-

1.510 1.515 1.520

50

Frequency (GHz)

Intensity (dBm)

. I . . .
1.48 1.50 1.62 1.54 1.56

Frequency (GHz)

Figure 6. 24. (a) RF Spectrum measured at the maximum pump power (b) Magnified
central region of the spectrum.

For the maximum input pump power of 530 mW, an average output power of 202 mW
was measured using a Coherent FM/GS thermal power meter. The dependence of the
output power on the pump for the graphene deposited output coupler based cavity is
given in Figure 6.25. The QML waveguide laser has a high slope efficiency of 48%, and

an optical-to-optical efficiency of 38%.
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Figure 6. 25. Output power with launched pump power. The laser has a slope efficiency
of ~48% and a maximum output power of 202 mW.
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The optical spectrum was measured using an Advantest Q8384 Optical Spectrum
Analyser set to 0.5 nm resolution. Figure 6.26 shows the spectrum obtained for the
highest pump power. The spectral bandwidth, corresponding to a pump power of 530
mW, is 1.1 nm. The intensity autocorrelation trace of the output pulse is plotted in
Figure 6.27. The temporal profile of the pulse is represented by a sech?fit, giving a 1.06
ps pulse duration after deconvolution. For the 1039 nm output wavelength, the
calculated time-bandwidth product is ~0.324, indicating the pulses to be near-transform-

limited. These results were published in Optics Express in 2013 [131].
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Figure 6. 27. Intensity autocorrelation trace
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6.6 Power Scalability

With a view to scaling the achievable power from the system and investigating the
possibility of attaining CW mode-locking, the pump power was scaled using two 976
nm fibre-coupled diode lasers. A total pump power of ~1 W was achieved by
polarisation combining the two outputs into a single fibre. Self-starting QML operation
was obtained at a pump threshold of 100 mW. A maximum output of 485 mW was
achieved resulting in an optical conversion efficiency of 43%. The laser has a slope
efficiency of 49%, as indicated in Figure 6.28.
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Figure 6. 28. Evolution of average output power with respect to pump power in the
waveguide laser incorporating graphene SA. The available pump power is ~1W,
resulting in a laser output power of 485 mW and slope efficiency of 49%.

For the complete characterisation of the high efficiency pulsed waveguide laser, an
optical saturation experiment for the graphene SA film was performed at 1064 nm. The
graphene SA was measured to have a saturation fluence of 10.2 pJ cm™, and modulation
depth of 17.6%. The details of the corresponding experiment are given in Chapter 5.
These values were used to analyse the possibility of obtaining mode-locked pulses with
high amplitude stability from the integrated cavity. The criterion for stable continuous-

wave mode-locking, discussed previously in Chapter 3, is given as :

E;% > EL,satEA,satAR (6-7)
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where E;, is the intracavity pulse energy and Ej s4¢, E4 5q¢ are the saturation energies of
the gain medium and the SA respectively, and AR is the modulation depth of the SA.
The term on the right is called the QML parameter. For the Yb-BG glass waveguide
laser at its peak performance, producing 485 mW, the square of the pulse energy in the
cavity was found to be ~ 2.23 x 108 J%; less than the QML parameter ~ 15.2 x 107™%.
Therefore, achievement of stable CW mode-locking using the waveguide requires

further engineering of the SA, or a modification in the laser cavity design.

6.7 Discussion

The Yb-BG waveguide laser performance on the basis of the different types of SAs is
tabulated in Table 6.3.

Table 6. 3. Yb-BG waveguide laser performance for various SAs.

SA SOC SOC CNTon | Graphene- | Grapheneon

1040 1064 40% OC | PVA with 40% OC
10% OC

Maximum available | 530 530 530 530 530 1120

pump power (mW)

Pump Power for| 50 53 130 100 100 95

QML threshold

(mW)

Average Output 9 26 112 42 202 485

Power (mW)

Slope Efficiency (%) 2 6 27 11 48 49

Optical ~ Conversion 2 5 21 8 38 43

Efficiency (%)

The key feature of the laser is the compactness of the cavity which additionally allows

high repetition rate for the passively mode-locked pulses. While most ultrafast laser
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applications use mode-locked pulses at a constant amplitude, by CW mode-locking the
high pulse energy stored in the QML pulses cannot be overlooked. Moreover, the
threshold condition (Equation 6.7) differentiating the various mode-locking regimes
establishes that the laser works well within the QML regime. The best performance was
achieved using a graphene-SA coated on a 40% OC, resulting in a slope efficiency of
49%.

Even higher efficiencies can be achieved by optimising the SAM. Recently, several
research groups have investigated saturable absorption in graphene SAM [154-156]. For
optimal functioning, the graphene layer should be positioned carefully with respect to
the nodes and antinodes of the electric field of the incident light. In the case of graphene
coated on bare mirrors, the layer lies very close to the field node resulting in low
absorption and very high saturation fluence. This issue has been overcome by the use of
a spacer layer between the mirror and graphene layer, as shown in Figure 6.29, to thus

ensure an increased absorption at the SA.
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Figure 6. 29.. Effective light field distribution near the HR mirror surface and in the
surface layers. The black thick line denotes position of graphene absorber at the top of
the upper layer. Reproduced from Ref.[156].

The SA coated output couplers used in the experiments described in this Chapter were
not designed for maximum light absorption at the SA surface. Further optimisation of
the SA based on the positioning of the nodes and antinodes of the electric field provides

an investigation route to better laser performances and even CW mode-locking.
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6.8 Conclusions

This chapter discussed ultrashort pulse generation in a Yb-BG waveguide laser
employing a quasi-monolithic cavity configuration. SAs based on semiconductor
materials and novel carbon nanostructures, namely CNT and graphene were used for the
investigation. The SA was integrated with the laser output coupler thereby preserving
the compactness of the cavity. The laser operated in a self-starting Q-switched mode-
locking regime with a mode-locked pulse repetition rate of 1.5 GHz. The high repetition
rate of the laser constitutes one of the advantages of the system, with regard to
applications such as frequency comb generation. The laser generated ultrashort pulses of
~ 1 ps duration at a maximum average output power of 485 mW and a slope efficiency
of 49%. The laser presents the first result for ULI waveguide lasers employing graphene
SA in an integrated cavity configuration and presents a significant step in the

development of compact waveguide lasers.
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Chapter 7 — Evanescent field mode-locking using an orthogonal

waveguide geometry

7.1 Introduction

Recent advances in CNTs and graphene as SAs have resulted in their use for ultrashort
pulse generation in a variety of laser configurations including solid-state bulk, fibre,
semiconductor and waveguide lasers [35]. In fibre lasers, the SAs are typically
sandwiched between two fibre connectors, deposited on fibre ends or within the cores,
resulting in an alignment free format. For other laser configurations, the predominant
SA-integration strategies include free-space coupling and deposition on high reflectivity
cavity mirrors. The linear cavity Yb-BG waveguide laser discussed in Chapter 6
employed SAs deposited on an output coupler mirror.

While efficient mode-locking is possible using these formats, it comes with the risk of
thermal damage due to the high intracavity powers as well as mechanical damage due to
manual handling. Integration of SAs in specially designed geometries to facilitate
evanescent-field interaction has emerged as an alternative to overcome these drawbacks
[35]. Evanescent waves correspond to the exponentially decaying field generated when
light undergoes total internal reflection (TIR) at the interface of two media. In fibre
lasers, evanescent waves are generated at the core-cladding interface, and when in close
proximity with a SA result in short pulse generation. Compared to the other techniques
that are based on direct interaction of light with a SA, this scheme of passive mode-
locking uses only a fraction of the circulating light to induce loss modulations within
the cavity, much lower than the damage threshold of the SA. This allows higher power

pulsed operation on account of the lower throughput utilised for mode-locking.

This chapter describes a novel evanescent wave mode-locking technique based on
waveguides inscribed by ULI technology. Section 7.2 introduces the evanescent mode-
locking schemes used in fibre lasers. The techniques for evanescent wave generation
demonstrated in ULI-waveguides are also discussed, which are mainly used for sensing
applications. Section 7.3 introduces the proposed waveguide device design, which

consists of a right angle waveguide geometry to allow efficient evanescent wave
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generation at the vertex. This design is thus distinct from the other lateral-interaction
geometries. The fabricated waveguide substrate is converted into a mode-locker device
by coating CNT-SA at the right angle which lies along the angled facet of the chip.
Section 7.4 details the laser cavity incorporating this device and the subsequent laser

performance.

7.2 Evanescent- field mode-locking

Light travelling from a denser medium of refractive index n; to a rarer medium of
refractive index n, undergoes TIR at the interface, when the angle of incidence 6 is

greater than the critical angle 6. The critical angle is given by the expression,

0, = sin"1(n,/n;) (7.1)

For the glass-air interface, with n;~1.5 and n, = 1, the critical angle is calculated to be
6.~ 42°. Thus, for an incident angle, 8 > 42°, light undergoes TIR at the glass-air
boundary and all the incident energy at the interface is reflected back into the denser
medium. Although no power is transferred to the rarer medium, an exponentially
decaying field is generated in that medium, called the evanescent wave. Figure 7.1
shows a schematic of an evanescent wave generated by TIR. This wave is characterised
by an exponentially decaying amplitude in the direction perpendicular to its surface of

generation, represented by,
1(2) = 1,e” %/ (7.2)

where z is the distance along the direction of decay, I is the intensity and d is the decay
length or the penetration depth, as shown in Figure 7.1. The penetration depth is defined
as the distance where the evanescent field decreases to 1/e of its maximum, and is given

by the expression,

L 1
4nny [sin2(8,) — n?

(7.3)
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Here, n = % < 1, and A, is the wavelength of the incident light. For a glass-air
1

interface, with n;~1.5and n, = 1, n = 0.67. At a wavelength of 1550 nm, the decay
length then corresponds to d = 1480 nm for an incident angle of 45°. Thus, the
penetration depth of the evanescent waves is extremely small, of the order of the

wavelength of the light used.

When another medium with an index n; > n, is placed close to the second medium
such that the evanescent wave in the second medium does not decay completely but
extends into the third medium, the TIR process becomes ‘frustrated’ and power is
coupled across to the third medium. This process is termed as ‘frustrated TIR’ (FTIR)
and is analogous to quantum mechanical tunnelling. The confined nature of the
evanescent wave close to the interface is used to study various near-surface phenomena
and is a key principle for various sensing technologies including infrared spectroscopy,
TIR fluorescence microscopy, interference based chemical and bio-sensing applications

and surface plasmon resonance (SPR) sensors.

Evanescent Wave g

1 n2
d
I(z)
Iy
Incident light Totally internally
reflected light
n,>n,

Figure 7. 1. Schematic representation of evanescent wave generation at an interface
where the incident light undergoes TIR. n; and n, are the refractive indices of the two
media, with n;> n,; d is the penetration depth of the evanescent wave.

The conventional geometry for evanescent-wave sensing applications uses a prism

coupling method. However, with the rapid advances in lasers and fibre optics, the field
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has extended to fibre-optic and photonic circuit technologies. In optical fibres, the
evanescent field generated at the core-cladding interface has been exploited for various
sensing applications by using different geometries such as de-clad, tapered, U-shaped
and tapered tip optical fibres. The sensors work via the monitoring of perturbations in
the exponentially decaying field in the presence of an external medium, with the fibre
acting as a modulator. The same principle can be used for passive mode-locking by
evanescent-wave interaction of light with a SA. The fast modulation attained at the SA
by the evanescent field is coupled into the cavity to introduce ultrashort pulse

generation.

Evanescent wave mode-locking using CNT and graphene SAs has been demonstrated,
mainly in fibre lasers, following the successful fibre geometries already in use for
sensing applications. The following section discusses the predominant fibre geometries

used for evanescent-wave mode-locking.

7.2.1 Fibre geometries for evanescent wave mode-locking

In optical fibres with light guided by TIR within the core, an evanescent field exists at
the core-cladding interface. The interaction of the evanescent field with a suitable SA
results in pulsed operation in fibre lasers without interrupting the optical path in the
fibre. Different fibre geometries have been used for this purpose; all the techniques
essentially involve the removal of the cladding layer or part of it such that the generated

evanescent wave can interact with the surroundings, namely the SA.

(a) Side-polished fibres or D-shaped fibres: In this geometry, part of the cladding
from a fibre is removed such that the resultant fibre cross-section denotes a D
shape. For this, the fibre is mounted on a V-grooved quartz block, and part of the
cladding portion is removed by polishing. Figure 7.2 shows the (a) cross-sectional
and (b) 3-D view of a side polished fibre in a quartz block, coated with a CNT-
PMMA composite SA. In the D-shaped region of the fibre, the guided mode is
broadened as a result of effective index change resulting in efficient interaction of
the light with the SA.
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Figure 7. 2. (a) Cross-sectional view of a side-polished or D-shaped fibre
geometry. (b) Corresponding evanescent-wave mode-locking scheme in a fibre
laser. A CNT/PMMA composite layer is coated at the polished section of the D-
shaped fibre to allow evanescent-field interaction. Adapted from Ref. [157].

The performance of such a fibre geometry depends on the quality of the polishing.
The technique requires micron-scale precision and in situ monitoring of the IL in

order to attain optimum fabrication results.

Tapered fibres: A fibre taper is produced by heating a section of the fibre and
pulling it as it melts. It consists of three sections: a convergent section of decreasing
diameter, the taper waist and a diverging section of increasing diameter. This
tapered profile supports a modal structure that spreads out into the medium
surrounding the taper, allowing efficient evanescent-field interaction with a SA
coated around the taper. Figure 7.3 shows a fibre taper with a SA coating at the
taper waist. Post fibre-pulling, a standard single mode fibre with a core/cladding
diameter of 8.2/125 um has a typical taper waist diameter of 4.8 um and a waist
length of ~ 22 mm. The nature of the fabrication process ensures a long interaction
length, however, the fibre pulling process requires critical in situ monitoring of the
insertion loss to ensure good device performance. In addition, the tapered regions

are delicate and require special packaging.

Laser in N 7 Laser out
—(, ] o E—— { .)—
yi \

SA

Figure 7. 3. A tapered fibre geometry with a SA coated around the taper. The taper
waist constitutes the region of evanescent-wave interaction. Adapted from Ref.
[158].
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(@) Micro-machined slots in the fibre core: In this technique, direct femtosecond laser
writing is employed to induce material modifications within the fibre cladding, but
in close proximity to the core. The modified region is typically rectangular shaped,
and is then selectively removed by etching the fibre in HF bath. The resultant
micro-slot is then filled with a suitable SA. Figure 7.4 shows the micro-slot
fabricated for evanescent-field mode-locking. This fabrication technique allows
control over the modified regions, including their dimension and location in the
fibre. The process also does not require special fibres or splices since the SA is

directly integrated within the fibre.

SA-filled
micro-slot ..,

Fibre SA-filled
coxc micro-slot

\\ //

Figure 7. 4. Evanescent-wave mode-locking by integrating SA-filled micro-slots in
the cladding. The micro-slot is fabricated by femtosecond laser irradiation followed
by selective chemical etching. Adapted from Ref. [159].

Evanescent-field mode-locking in fibre lasers thus predominantly utilises a lateral
interaction scheme that allows relatively long and stable nonlinear interaction between
the optical field and the SA. Evanescent-field interaction has also been used in planar

and channel waveguide devices for sensing applications and potential mode-locking.

Waveguides based on ULI have also been employed to fabricate evanescent wave
sensors. A side-polished fibre-like ULI waveguide sensor was demonstrated by Beecher
et al. in a fused silica substrate [160, 161]. The device consisted of ULI waveguides
which start and terminate 75 pum below the sample surface but have a central section
approaching the top surface of the chip via an s-bend. This central waveguide section
which is ~6 um away from the top surface forms the region of evanescent wave
generation. The suitability of the device as a sensor was tested by coating the top
surface with an index matching gel, resulting in leaky waveguide modes. The schematic

of the waveguide sensor is shown in Figure 7.5.
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Figure 7. 5. Schematic of the ULI fabricated waveguide with a central elongated region
that facilitates evanescent-field interaction. R is the radius of curvature and d is the
distance from substrate surface to the interaction section. Reproduced from Ref. [161]

Similar ULI waveguide geometries have been utilised to develop pulsed lasers. Tan et
al. [162] demonstrated Q-switched operation from an Nd:YAG waveguide laser using
evanescent-wave interaction of light with a graphene SA in a lateral interaction scheme.

In the work discussed in this chapter, we change from a lateral evanescent-field
interaction scheme to a right-angle waveguide geometry. This device is subsequently
used as a passive mode-locker. The simplicity of design, effectiveness of the
evanescent-field interaction, and lack of precision polishing makes this novel
waveguide device a major contender for integrated photonic device applications such as

compact waveguide laser sources and waveguide sensors.

7.3 Orthogonal Waveguide Geometry for Evanescent-wave generation

This section introduces an evanescent-field mode-locking approach using ULI based
channel waveguides. The proposed device design is shown in Figure 7.6. It consists of a
right angle waveguide, with its point of intersection lying along a polished angled facet
of the chip. Light guided along one waveguide is incident at the angled dielectric-air
facet at an accurately pre-defined angle greater than the critical angle, so that the totally
internally reflected light is coupled into the second waveguide by the inherent nature of
the design. The angle of incidence in this case is fixed at 45°, which is greater than the
critical angle of 6. = 42° for a glass-air interface, as calculated in Equation 7.1. The

corresponding penetration depth of the evanescent wave is then ~1480 nm.

147



Region of evanescent
field interaction

Incident
Light

>

Output

\4

Figure 7. 6. Right-angle waveguide geometry for evanescent-field generation. Light
undergoes TIR along the waveguide trajectory with the evanescent waves generated at
the angled facet.

This device can become a passive mode-locker by the deposition of a suitable SA at the
angled facet. The evanescent waves generated at the angled facet will interact with the
SA to induce loss modulations by virtue of fast saturable absorption. These loss
modulations must be coupled back into the orthogonal waveguide due to the waveguide
design thereby facilitating pulse generation in a laser cavity. The design can be
implemented in a passive substrate and then incorporated in a laser cavity, or inscribed

in an active medium for compact laser development.

As a first step towards the realisation of such a device, the design was implemented in a
passive substrate. The following section details the waveguide fabrication and

optimisation processes for the orthogonal waveguide geometry in a glass substrate.

7.3.1 Inscription details

A 30x10x1 mm?® glass wafer (Corning EAGLE 2000) was chosen as the substrate for
the waveguide device. Waveguides were inscribed using a master-oscillator power-
amplifier fibre laser supplied by IMRA. The details of the inscription setup are given in
Chapter 2, Section 2.6. The laser was set to a repetition rate of 500 kHz, producing ~400
fs pulses centered at 1047 nm. A 0.4 NA aspheric lens was used to focus the laser pulse
train to a depth of 350 um below the surface. Waveguides were inscribed by translating
the sample through the focus in the desired trajectory using a high precision automated
x-y-z translation stage from Aerotech. The multiscan technique, with 20 scans laterally
offset by 0.4 um, was used to define the waveguide cross-section. The optimal
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parameters for waveguide inscription were identified to be 230 nJ laser pulse energy at

8.0 mm.s ' sample translation speed.

To replicate the right-angled waveguide design in the substrate, 50 waveguides were
inscribed along the length and width of the chip, as shown in Figure 7.7. The
waveguides were inscribed with a vertical pitch of 100 um, and a slightly offset
horizontal pitch of 102.8 um. The points of intersection of these waveguides therefore
lie at an angle of 45.8° from the vertical, or 44.2° from the horizontal. Post-inscription,
the substrate was diced at 45°, and polished along the dice line. The glass-air interface
formed at this angled facet forms the basis of evanescent—field generation in the device.
A close-up of two consecutive intersection points for the orthogonal waveguides is
shown in Figure 7.8; the points of intersection indicated as ‘A’ and ‘B’. The difference
in the horizontal and vertical pitches, denoted by line segment BD ~ 2.8 um implies that
there is a ~0.8° difference in angles between the dice line and the line formed by the
intersection points of the waveguides. This is chosen such that for an ideal pair of
waveguides intersecting at the angled facet, shown as ‘A’ in the Figure 7.8, the next

intersecting point ‘B’ is within 2 um from the angled facet. This is calculated as,

BC = BD sin45° = 2.8sin45° ~ 2 um (7.4)

In other words, the difference in the pitches ensures that there is always one waveguide
vertex within 1 um of the polished facet to allow efficient evanescent wave coupling by
TIR. This eliminates the need for precision polishing of the angled facet and is one of
the major advantages of this device geometry.
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Figure 7. 7. Waveguide inscription specifications used to implement the orthogonal
waveguide geometry. Straight waveguides are inscribed in the horizontal and vertical
axes, with a pitch of 100 um and 102.8 um, respectively. The substrate is then diced
along the dice line and polished back such that one optimum pair of perpendicular
waveguides undergo TIR at the angled facet, to generate evanescent waves.
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Figure 7. 8. Schematic of the angled facet of the substrate. Two adjacent intersection
points of waveguide pairs are given, namely, A and B. A indicates the optimum
waveguide pair which is totally internally reflected at the angled facet. The difference of
~2.8 um in the horizontal versus vertical pich implies that the next intersecting point B
is within ~ 1 um of the polished angled facet.The figure is purposefully drawn out-of-
scale in order to provide a clear distinction between adjacent points of intersection of

waveguides, marked A and B.
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Passive characterisation of the device was performed using a broadband ASE source.
The light guided along an SMF-28 fibre was measured using a KD optics detector and
recorded as the reference measurement. The fibre was then cleaved and butt-coupled
onto the end facets of the waveguide chip, as shown in Figure 7.9, and the resultant
signal measured. The difference in the two measurement values yielded a device

insertion loss of ~ 1 dB.

Right-angle

. j X / waveguide

Figure 7. 9. The fibre-based alignment format used to measure the insertion loss in the
waveguide chip.

7.3.2 Mode-locked laser experiments

The functionality of the device as a passive mode-locker requires the deposition of a
suitable SA at the interface, based on the wavelength of the laser. For our experiments,
we used an Erbium-doped fibre ring laser cavity with an operating wavelength of 1.5
pum to investigate the device performance.Accordingly, we used single walled CNT-SA
with ~1 nm mean diameter, designed for optimal functioning at 1.5 um. A high pressure
carbon monoxide (HiPCo) CNT-dispersion was obtained as a collaborative input from
Cambridge Graphene Centre, University of Cambrige, UK. The CNT-SA was drop cast

along the dice line and dried over 24 hours to form a SA coating at the angled facet.
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Figure 7.10 represents the evanescent wave coupling in the right-angle waveguide
device. The optical saturable absorption of the CNT film at 1550 nm is measured using
an optical parametric oscillator (Coherent, Chameleon) delivering 200 fs pulses at 80
MHz repetition rate. The CNT film has a linear transmittance of 33%, with saturation
achieved at 50%. This results in a modulation depth of 17%. The saturation intensity is
12.4 MW cm™,

CNT .
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Region of
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modulated
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Figure 7. 10. Principle of evanescent-wave interaction in the right-angled waveguide
geometry. Deposition of CNT-SA at the angled facet converts the device into a passive
mode-locker.

The CNT-coated waveguide device was then inserted in an Erbium-doped fibre ring
cavity as shown in Figure 7.11. The laser uses a 980 nm pump laser, which is
introduced into the cavity using a fibre based wavelength division multiplexer (WDM).
A fibre optic isolator ensures unidirectional operation, and a polarisation controller
matches the round-trip polarisation state. A broadband fibre output coupler with 80:20
coupling ratio (JDS Uniphase) was used to extract the laser output. The CNT-based
waveguide device with fibres butt-coupled to the orthogonal waveguide facets
completes the ring cavity. An index matching fluid (Decane) is used to reduce

reflections between the fibre and substrate facets.
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Figure 7. 11. Schematic of the Er-doped ring laser cavity.

The laser cavity is designed to work in a soliton mode-locking regime. A soliton refers
to a stable ultrafast pulse which, in the absence of loss, can propagate indefinitely
without changing shape. A soliton is generated when self-phase modulation effects
balance out the effects due to linear dispersion in the cavity. In the Er-doped fibre laser,
the total intracavity dispersion is maintained to be anomalous. The gain section of the
fibre laser consists of a 46.8 cm Liekki Er80-8/125 Erbium-doped fibre with an
anomalous dispersion of —20 fs>/mm. The remaining cavity length comprises 533.8 cm
of Corning SMF-28, 35.4 cm of Corning Flexcore 1060, and 155.4 cm of OFS
Clearlight 980 16 fibres; with their corresponding linear dispersions estimated as 17.9
ps/nm.km, 8 ps/nm.km and -1 ps/nm.km. The dispersion values corresponding to the
different cavity components and the net dispersion from each are listed in table 7.1.
Assuming the dispersion contribution from the waveguide chip to be negligible, the
measured net dispersion in the cavity is anomalous, with a value of -0.13 ps? thereby

enabling soliton mode-locking.
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Table 7. 1. The dispersion chart of the cavity components in the Er-doped fibre laser

Cavity Component = Length of the Component, Dispersion,  Net Dispersion

L (mm) D(fs’’mm) (L x D) fs?
Corning SMF 5338 -23.1 -123307
fibre
Corning Flexcore 354 -10.3 -3646
1060
OFS CL 980-16 1554 1.29 2004
(Coupler fibre)
Erbium-doped 467.5 -20 -9350

gain fibre

Self-starting mode-locking is obtained as a result of evanescent field interaction with
the CNT-SA at the right angled waveguide geometry, producing a 1.3 mW average
output power. This corresponds to a pulse energy of 50 pJ, considering the 26 MHz
repetition rate of the mode-locked pulses measured using a fast photodiode (Thorlabs
SIR5-FC) and a Rigol DSA 1030 RF spectrum analyser. The measured RF spectrum is
given in Figure 7.12, showing the fundamental repetition rate as well as the higher order

harmonics of the mode-locked laser.

The optical spectrum measured using an Optical Spectrum Analyser set to 0.5 nm
resolution is given in Figure 7.13. The spectrum of the mode-locked laser is centred at
1558 nm, with a FWHM spectral width of 3 nm. The spectrum shows Kelly sidebands
[163] that are characteristic of soliton lasers. Kelly sidebands are narrow peaks
superimposed on the optical spectrum and are related to periodic disturbances of soliton
pulses in the laser cavity[163].
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Figure 7. 12. RF spectrum of the Er-doped fibre ring laser, showing the fundamental
repetition rate and the higher order harmonics of the laser pulse. The laser is mode-
locked by evanescent wave interaction of the optical field with the CNT-SA at the
angled facet of an orthogonal waveguide chip.
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Figure 7. 13. Optical spectrum of the laser output on a logarithmic scale (black line)
and linear scale (blue line).

The autocorrelation pulse profile derived from an interferometric autocorrelator
measurement is given in Figure 7.14. Assuming a sech? pulse shape, the FWHM pulse
width is estimated to be 800 fs. This yields a TBP of 0.30, close to 0.315, the value
expected for bandwidth-limited sech®-shaped pulses [164].
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Figure 7. 14. The interferometric autocorrelation trace of the Er-fibre laser. The
evanescent-wave mode-locked pulses have a pulse duration of 800 fs.

These results were published in Applied Physics Letters [165].

As an evanescent-field mode-locker, the right-angle waveguide device has a number of
advantages over previously demonstrated fibre-based designs. In side-polished and fibre
tapered devices, in order to expose a region close enough to the fibre core to achieve
sufficient non-linear absorption, the polishing and fibre-pulling processes have to be
extremely precise and carefully monitored. In contrast, the integrated waveguide device
has no need for precision polishing or critical optical monitoring by virtue of the
variation in the horizontal and vertical waveguide pitches in the waveguide design. In

addition, the right-angle design reduces the required deposition surface area.

Even though the waveguide device based ring cavity laser deviates from the increased
alignment-free format characteristic of fibre systems, it is an excellent demonstration of
the scope of the novel waveguide device. The novelty of the device can be transferred to
different gain media to develop monolithic waveguide laser sources, with important
applications in integrated optics. The following section discusses the initial work
towards implementing the orthogonal waveguide design in Yb-BG waveguides for

compact laser development at 1um.
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7.4  Towards evanescent-wave passive mode-locking in an integrated cavity right-

angle waveguide laser

ULI waveguides in Yb-BG substrate exhibit excellent laser performance, both CW and
pulsed, as discussed in Chapters 4 and 6. Yb-BG was therefore chosen to implement the
right-angle waveguide design in order to develop a monolithic laser to be mode-locked
by evanescent-field interaction with a SA. The glass have a refractive index n;~ 2. At
the Yb-BG-air interface, with the refractive index of air being n,~ 1, the critical angle

for TIR is calculated as,
1
0, = sin1 <§> = 30° (7.5)

Since the orthogonal waveguide geometry dictates an incident angle of 45°, the
corresponding penetration depth of the evanescent-wave at the angled facet is measured
to be ~ 80 um. The extremely small penetration depth of the evanescent-wave
eliminates the option of CNT as a SA, since typical CNT diameter measure ~1 um. In
terms of the SA that can be used for evanescent-field mode-locking, the suitable SA is

therefore few layer graphene.

The orthogonal waveguide geometry as given in Figure 7.7 was realised in the substrate
using the optimum waveguide fabrication parameters previously identified. Waveguides
were inscribed at a repetition rate of 1 MHz, pulse energy of 51 nJ and a sample
translation speed of 8 mm s™. A multi-scan technique employing 20 scans laterally

offset by 0.4 um was used to define the waveguide geometry.

Orthogonal waveguides were inscribed with varied horizontal and vertical pitches, such
that the line of intersection of the waveguides and the dice line have an angular
separation of 0.8°. The substrate was diced along the 45° dice line, and polished back.
The insertion loss in the optimal waveguide pair was measured to be ~4 dB at 1064 nm

using a setup similar to that in Figure 7.9.
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As an initial experiment towards laser operation, an integrated cavity waveguide laser
was setup to operate in a CW mode. The schematic of the cavity is given in Figure 7.15.
The pump mirror and the output coupler are butt-coupled to the waveguide edges using

index-matching gel.
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Figure 7. 15. Schematic of the laser setup for an integrated laser using a right angle
waveguide.

In such a geometry, with a right-angled Yb-BG waveguide as the gain medium, no
laser operation was observed. We attribute this to the multi-mode nature of the ULI
waveguides which hampers efficient coupling of the incident light into an orthogonal
waveguide. The future work for this research includes waveguide parameter study for

single-mode waveguides in Yb-BG.

The orthogonal waveguide geometry with a fixed incident angle of 45° implies that
corresponding penetration depth of the evanescent-wave at the angled facet is ~ 80 um.
To account for this extremely small penetration depth of the evanescent-wave, the dice
line for the angled facet should be steeper such that the incident angle is just above 30°.
This will result in an evanescent wave penetration depth of the order of the wavelength
of light. Thus the design can be extended to any combination of refractive indices to
achieve efficient evanescent-wave generation. This design criterion has to be taken into

account in future works in this device.
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7.5 Conclusion

This chapter introduced a novel evanescent-wave mode-locking scheme based on a
right-angle waveguide geometry. The orthogonal waveguide geometry was realised in a
passive EAGLE substrate with a device insertion loss of ~1 dB. The device was
converted into a mode-locker by coating the angled facet with CNT-SA. The
effectiveness of the device was tested by incorporating it in a Er-doped fibre ring laser.
Subsequently, the laser produced mode-locked pulses at a repetition rate of 26 MHz and
pulse duration of 800 fs. The right-angled waveguide device presents a novel approach
for evanescent-wave mode-locking extending the application regime from fibre lasers to
waveguide lasers. The device is inherently simple, robust and does not require critically
monitored polishing procedures. In addition to mode-locking applications, the
waveguide design with its reduced footprint for evanescent field interaction has huge
implications for sensing applications. Initial work towards the use of the orthogonal
design for the development of compact waveguide lasers have also been discussed

based on waveguides inscribed in Yb-BG gain medium.
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Chapter 8 — Conclusion and future work

8.1 Conclusion

ULI is a powerful technology for novel photonic device fabrication based on optical
waveguides. Over a decade old, the technique has rapidly matured, meanwhile opening
up new avenues for research. The work presented in this thesis focuses specifically on
the application of ULI for the development of compact ultrafast lasers in the NIR region
of the electromagnetic spectrum. The thesis features a novel gain medium for ULI based
active devices at 1 um, namely, ytterbium doped bismuthate glass. Chapter 4 presents
waveguide fabrication and spectroscopic characterisation experiments in this novel gain
medium. A compact CW waveguide laser in a Fabry-Perot cavity configuration is
demonstrated with slope efficiencies close to the quantum defect limit. Ultrafast
operation is achieved from the cavity by integrating the advantages of ULI waveguides
with innovative mode-locking technologies based on carbon nanostructure saturable
absorbers. Chapter 5 introduces graphene and its property of saturable absorption,
suitable for passive mode-locking of lasers. Chapter 6 presents ultrashort pulse
generation in an integrated cavity waveguide laser using saturable absorbers based on
semiconductor materials and carbon nanostructures. These results surpass previously
reported ULI waveguide lasers in terms of maximum output powers and slope
efficiencies, as well as being the first demonstration of a graphene mode-locked ULI
waveguide system. Chapter 7 demonstrates a novel laser mode-locking technique by
evanescent field interaction of the optical field with a saturable absorber in a right-angle

waveguide chip. The summary of the work presented in each chapter is given below.

Chapter 4 presents waveguide fabrication in novel ytterbium doped bismuthate glass
gain media. A multi-scan fabrication technique was utilised to inscribe waveguides with
low-loss guiding and symmetric cross-sections. The optimal waveguides have an
insertion loss of 2.4 dB for a 48 mm long sample. The propagation losses were
estimated using a Caird plot analysis to be of the order of ~0.047 + 0.004 dB cm™. In
addition to the low-loss guiding, the Yb-dopants in the glass have well-preserved
fluorescence properties even post-inscription, indicating the high quality of the glass for
ULI. A quasi-monolithic linear cavity laser was constructed with the optimal waveguide
as the gain medium. The threshold of operation was ~35 mW with a pump laser
operating at 976 nm. Slope efficiencies close to the quantum defect limit and in excess

of 78% have been obtained from the laser [129]. For an optimal output coupling of
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30%, the laser produced a maximum output power of 163 mW for a pump power of 275
mW, yielding an optical conversion efficiency of 62%. This laser presented a significant
step in the field of ULI waveguide lasers, by virtue of its low lasing threshold, record
high slope efficiency and average output powers. The simultaneous achievement of low
propagation losses and preservation of the fluorescence properties of ytterbium ions is

at the basis of the outstanding laser performance.

Chapter 5 presents the nonlinear optical characterisation of graphene saturable
absorbers. The unique properties of graphene are applicable in a broad application
range, including passive mode-locking of lasers. It also presents a novel route to pulsed
operation for the Yb doped bismuthate waveguide laser discussed in Chapter 4. The
nonlinear absorption in graphene was studied as a function of the pulse fluence incident
at the sample to derive the defining parameters of a saturable absorber, namely, the
modulation depth, saturation fluence and non-saturable losses. Two independent studies
were performed. Firstly, the wavelength independent absorption saturation in graphene
was investigated. The experiment was performed at two different wavelengths of 1 um
[131] and 2 um using graphene samples fabricated by liquid phase exfoliation. The
comparable values of the saturable absorber parameters at the different wavelengths
provide a good contribution to the universal nature of saturable absorption in the
material. Secondly, the absorption saturation in graphene was studied with respect to the
number of graphene layers in the sample. CVD graphene samples with a single layer
and 5-7 layers were used for the study. The samples have a modulation depth ~3.5%.
The non-saturable loss in the sample was found to increase by a factor of 6 for a
transition from single layer to multilayer graphene. This is justified by the additional

loss contribution per layer.

Chapter 6 presents a passively mode-locked, 1.5 GHz repetition rate ytterbium doped
bismuthate waveguide laser. The high quality of the substrate for ULI-based active
photonic devices was previously established in Chapter 4, leading to this next definite
step of pulsed operation. Graphene saturable absorbers, discussed in Chapter 5,
presented the most novel and significant mode-locking technology to be pursued. Thus,
a linear integrated cavity laser was constructed, with the saturable absorber sandwiched
between the waveguide output facet and the output coupler mirror. The laser operated in

a Q-switched mode-locking regime with the mode-locked pulses having a measured
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repetition rate of 1.5 GHz, in agreement with the cavity length. A repetition rate of the

order of few hundred kHz was measured for the Q-switched pulses.

For a first investigation, the well-established semiconductor saturable absorber
technology was applied to the laser, resulting in low slope efficiencies ~16%[152]. A
relatively new saturable absorber was then investigated, namely, CNT coated on a 40%
output coupler. The laser generated ~714 fs pulses at a maximum output power of 112
mW for 530 mW input pump, resulting in a slope efficiency of 27% [153].

Most importantly, laser mode-locking was investigated using a novel graphene
saturable absorber. Two different graphene compositions were used; graphene-PVA
film and pure graphene film on a 40% output coupler. Graphene-PVA film incorporated
in the cavity was found to provide a laser slope efficiency of 11% and a maximum
output power of 42 mW for 530 mW launched pump. However, the direct interaction of
the laser with the polymer was found to induce damage to the PVA film, thereby
damaging the waveguide facet in contact with it. This presents an important
demonstration of the unsuitable nature of graphene-polymer composites for high-power
laser development. Considering the large publication record related to fibre lasers mode-
locked using polymer composites embedded with CNT or graphene, this demonstration
shows a critical limitation of free-standing carbon nanostructures and calls for a definite
shift in the research focus towards improvement in carbon nanostructure saturable

absorbers.

As an alternate solution, graphene-only film deposited on a 40% transmission output
coupler was used in the cavity to realise highly efficient laser performance. The laser
generated ~1.06 ps pulses with a maximum output power of 202 mW for 530 mW
launched pump power, resulting in a 48% slope efficiency [131]. This was the first
demonstration of graphene mode-locking in a ULI waveguide laser, with the key
features being the high laser slope efficiency ~48% and the high repetition rate > 1 GHz

of the mode-locked pulses.

The feature of power scalability was investigated in the same cavity by using a pump
with a maximum output power of ~1.12 W. Self-starting Q-switched mode-locked

operation with a maximum output power of 485 mW was realised, yielding a slope
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efficiency of 49% [19]. The output power is a record in terms of ULI waveguide laser
development and represents a significant step towards high-power operation in
waveguide lasers. Revisiting the power graph in Chapter 1 that provides a comparison
of solid state bulk, semiconductor and fibre lasers; the performance regime of the Yb-
BG laser featured in this thesis is shown in Figure 8.3. The waveguide laser is found to
exhibit a performance similar to that of fibre lasers. This is an expected result
considering the identical operation principle in both. The possibility of higher average
and peak power operation in the waveguide laser can be explored further by fabrication
of even lower loss waveguides, optimisation of the saturable absorbers or use of even

higher pump powers.
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Figure 8. 1 A plot of peak power versus average power for different laser architectures
in the NIR. The performance of the waveguide laser discussed in the thesis is also
indicated.

Chapter 7 presents a novel evanescent mode-locking device based on a right-angle
waveguide design. The device provides an exemplary example of the flexibility of ULI.
The device consists of orthogonal waveguides, with their points of intersection lying

along a polished angled facet of the chip. A small variation is introduced in the vertical
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and horizontal pitches used for waveguide inscription so that the points of intersection
of the waveguides vary by a small angle of ~ 8° with the dice line that defines the
angled facet. Light guided along one waveguide is incident at the angled dielectric-air
facet at a pre-defined angle greater than the critical angle, so that the totally internally
reflected light is coupled into the second waveguide. The waveguide device, fabricated
in fused silica substrate, was converted into a saturable absorber by depositing a single
wall CNT film at the angled dielectric surface. This was used to mode-lock an Erbium
doped fibre ring laser cavity at 1.55 um, with a repetition rate of 26 MHz, and pulse
duration of 800 fs [165, 166].

Considering the other evanescent-wave mode-locking wave schemes predominantly
used for fibre lasers, the right-angle waveguide design has unique advantages. One is, it
extends the mode-locking technology from fibres to other laser configurations. The
extremely precise polishing or fibre pulling process required in the lateral interaction
geometries in fibres is relaxed in the case of the right-angle waveguide design due to the
variation in the horizontal and vertical waveguide pitches. Also, the design provides a
nonlinear absorption interaction length of the order of the waveguide mode diameter,
which, in turn reduces the required deposition surface area.

The novel design was applied to Yb doped Bismuthate laser gain media, as an
initial step towards the development of monolithic waveguide laser sources that find

important applications in integrated optics.

8.2 Future Work

Ytterbium doped glass substrates present an attractive gain media for ultrafast lasers in
the NIR region. The large gain bandwidths associated with laser glasses are ideal for
wavelength tuning and more importantly, the generation of ultrashort pulses. The
application of ULI technology to these gain media facilitates highly efficient waveguide
lasers by virtue of the guiding geometry. The work embodied in this thesis covers few
significant features of ULI waveguides in ytterbium doped bismuthate glass for compact
ultrafast laser development. ULI in ytterbium doped bismuthate glass facilitates low
propagation loss waveguides, meanwhile preserving the fluorescence properties of the
ytterbium ions. This glass therefore appears to be a novel gain medium with
unprecedented potential for ultrafast laser inscribed 3-D waveguide devices. This
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capability is reflected in the title of the thesis. While only 2-D waveguide devices have
been demonstrated in this thesis, namely straight and right-angled waveguide
geometries, the applicability of the gain media can be extended to the third dimension to

fabricate novel and intricate waveguide designs.

8.2.1 Compact ultrafast waveguide lasers

(a) Monolithic waveguide laser

The quasi-monolithic nature of the compact CW waveguide laser discussed in
Chapter 4 can be extended towards a truly monolithic laser cavity. This can be
accomplished by having appropriate coatings at the waveguide facet to serve as the
pump mirror and the output coupler. An alternate solution is the use of ULI
technology to inscribe a Bragg grating output coupler in the waveguide path.

(b) High-repetition rate mode-locked lasers

The compact passively mode-locked waveguide illustrated in the thesis has a mode-
locked pulse repetition rate of 1.5 GHz. The applications of such high repetition rate
lasers, for example in frequency comb generation, call for certain pre-requisites for
the laser, including highly stable CW mode-locking. A compact laser with the cavity
mirrors butt-coupled to the waveguide gain media can be CW mode-locked by
providing precise dispersion control. A. Choudhury et al. [97] demonstrated an
intra-cavity dispersion control based on the Gires-Tournois Interferometer (GTI)
effect by introducing a gap between the waveguide and the output coupler. This
technique however was not effective for the ~50 mm ytterbium bismuthate glass
waveguide laser, owing to the large value of normal dispersion associated with the
long sample length. With shorter waveguide samples, multi-GHz repetition rate
laser operation can be investigated, along with the use of this simple technique for

dispersion control.

Another aspect for CW mode-locking in an integrated waveguide cavity is
associated with the systematic optimisation of the SA. Graphene appears as the ideal
SA for this purpose, considering the expertise achieved around the world in terms of
graphene production and characterisation. Also, the field of graphene mode-locking

is far from optimised, especially considering the very recent analysis of light

165



absorption in graphene coated dielectric mirrors [154, 156]. In SESAMSs which have
had decades of research leading to their optimisation, the absorbing quantum wells
are positioned in the antinodes of the electric field incident at the mirror to ensure a
low saturation fluence. This aspect has been neglected in the case of graphene-based
mirrors until very recently where a spacer layer has been introduced between the
graphene film and the dielectric mirror to facilitate maximum absorption [154, 156].
This discovery also means that the large number of publications to date of solid-
state bulk and waveguide lasers based on graphene coated dielectric mirrors suffer

from the same significant limitation.

An alternate method for CW mode-locking in a waveguide laser cavity at 1 pm is
based on moving away from an integrated cavity system to an all-normal-dispersion
(ANDiI) ring laser. Mode-locking can be achieved by the technique of nonlinear
polarisation evolution, where, the polarisation state of the circulating beam is
dependent on the irradiance of the optical field. ANDi lasers can be designed to
provide high repetition rate mode-locked pulses for similar applications as the

integrated waveguide cavity.

8.2.2 Applications of evanescent-wave right-angle waveguide
(@) Universal saturable absorber device

Chapter 7 reported an orthogonal waveguide device in fused silica, used for laser
mode-locking via evanescent-field interaction of light with a SA at the device right-
angle. The device can be modified to incorporate graphene as a saturable absorber.
The wavelength independent absorption saturation in graphene is one of the major
conclusions of Chapter 5. This property of graphene can be utilised in the right
angle fused silica chip to realise a “universal saturable absorber device”. By
replacing the CNT coating with graphene, and ensuring an optimal loss for the
waveguide chip for a wide wavelength spectrum, the device can be used as a passive
mode-locker for a broad spectral range. The evanescent-wave approach for mode-

locking also ensures high power laser operation.
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(b) Monolithic waveguide laser with a right-angled geometry

Work in the immediate future is focused on adapting the right-angle waveguide
design in ytterbium doped bismuthate glass. Significant optimisation of the
waveguide fabrication parameters is required to realise single-mode waveguides, a
key criterion for effective evanescent-wave coupling at the right angle. A quasi-
monolithic waveguide laser can be developed with bulk mirrors, both pump mirror
and output coupler attached to the input and output facets of the right-angled
waveguide. The use of custom made Bragg-coatings at the input and output facets

can achieve a true monolithic laser cavity configuration.

(c) Integrated Master oscillator Power Amplifier (MOPA)

A MOPA consists of a mode-locked laser as a seed which is then fed into an
amplifier system to provide multi-watt output powers. The output can be
compressed after the amplifier stage to provide near-transform limited pulses. The
technology of ULI can be utilised to fabricate a MOPA system in a selected gain
medium, with significantly reduced footprint. Figure 8.2 shows a proposed MOPA
system design incorporating straight waveguides. The master oscillator consists of a
standing wave laser with ULI enabled Bragg grating as a spectral filter and output
coupler on one end. The mode-locking element can be an SA-filled slot in the direct
path of the waveguide. Evanescent wave mode-locking with a lateral interaction
scheme using surface waveguides can also be used. The amplifier stage following

the oscillator comprises a straight waveguide in the same gain medium.
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Figure 8. 2. Integrated MOPA configuration with straight waveguides (Side-view).
The oscillator comprises a standing wave laser cavity. Mode-locking is achieved by
the evanescent wave interaction of light with a SA coated on the surface of the
substrate. A ULI based Bragg reflector allows wavelength selectivity as well as
output coupling into the next stage of the MOPA. The amplifier stage comprises of
a waveguide in the same gain medium.

An alternate integrated MOPA configuration is based on the right angled
waveguide geometry discussed in Chapter 7. Figure 8.3 shows a schematic of the
proposed design. The master oscillator comprises a right angled waveguide. A
dielectric coating providing high transmission for the pump, and high reflectivity
for the laser wavelength, can be deposited at the waveguide input facet. A ULI-
based Bragg grating inscribed within the substrate constitutes the output coupler.
The key feature of this geometry is the relatively simple means of mode-locking the
system based on evanescent-wave interaction of light with a SA deposited at the
right-angle facet. The design only requires prior knowledge of optimal waveguide
parameters in the substrate. An optimisation step of the mode-locking element
which forms an important step in the previous MOPA configuration is absent in this
design. A subsequent waveguide in the same substrate can be used as the amplifier
stage of the MOPA.

The amplifier in the proposed MOPA design can be pumped from either side or
from both ends. In cases where the pump used for the oscillator is not appreciably
depleted, the residual pump can be used to drive the amplifier by varying the output

coupling ratio in the Bragg mirror. It is to be noted that, while the design presents a

168



simple route to a monolithic MOPA, a large number of critical factors have to be
taken into account for its implementation, such as the suitable substrate choice and
optimal ULI inscription parameters. The latter includes the refractive index contrast
that is possible in the system, which in turn affects the effectiveness of the Bragg
stack. The number of Bragg layers required to achieve a specific reflectivity

decreases with a higher refractive index contrast.
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Figure 8. 3. MOPA configuration using the right-angle waveguide geometry (top-view).
The oscillator comprises a right angled waveguide. The laser is mode-locked using the
evanescent wave interaction of the optical field with a SA deposited at the angled facet
of the substrate. This method of mode-locking is essentially simple compared to other
techniques of SA integration in a waveguide cavity. The amplifier stage of the MOPA is
an active waveguide in the same substrate.

8.2.3 Fibre-fuse effect

The power scaling feature of the waveguide laser, demonstrated in Chapter 6, is
accompanied by other detrimental effects that become pronounced at high power laser
operation. This includes the fibre-fuse effect [167], first observed in 1988 [168, 169]. A
fibre-fuse is a continuous destruction of the optical fibre core, induced and fed by the
propagating light. It is triggered by the local heating at some point within a waveguide
structure through which an input beam is being delivered. At this defect point, the
propagating radiation is strongly absorbed leading to a formation of an optical
discharge. Once the heat induced high density plasma is captured in the core region, it
travels backwards along the fibre toward the laser source, consuming the light energy
and leaving a hollow damage train. This fibre fuse effect initiated by local defect points

within a fibre, although a pretty sight, can lead to the destruction of kilometres of fibres.
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For the high-power operation of the ytterbium doped bismuthate waveguide laser mode-
locked by graphene, and emitting 485 mW output, a fibre-fuse effect was observed that
resulted in complete damage of the waveguide core along the entire length. The effect

was characterised by periodic voids and bubble formation, and initiated at the far end of

Figure 8. 4. Optical microscope images showing waveguide damaged by fibre-fuse
effect. (a) Top surface view of the sample showing two damaged waveguides (b) A
zoomed in top view of the fibre-fuse damage. The input facet of the waveguide is shown,
with the pump light incident from the right. (c) This top surface view gives a clearer
image of the observed bullet shaped damage centres in the waveguide core. (d)
Comparison of guiding structures and the waveguide core damaged by fibre fuse.
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the cavity. Figure 8.4 (a-c) shows the images as viewed from the top surface of the
waveguide, with the periodic bullet shaped hollow damage centres. Figure 8.3 (d) shows
the damaged waveguide facet in comparison with the neighbouring guiding structures.
While this effect is highly undesirable, the demonstration, however accidental, is a clear
indication of one other issue that needs to be resolved in the path of compact waveguide
laser development, and require a systematic study. Significant work exists in a
systematic study of this effect in waveguides, including the factors leading to local

heating in the beam path and the threshold for plasma generation.

With its unique advantages in terms of design freedom, device integration and rapid
prototyping, ULI is now an established field for novel device fabrication. The
technology allows the investigation of material processing for a wide parameter range
for a large number of substrates. The focus of this thesis, on a single gain medium but
leading to numerous significant results, signifies the vast untapped potential of this
technology. ULI has thus transformed the outlook of microfabrication and integrated
optics even leading to its commercialisation [84].
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