HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

OPTOELECTRONICS RESEARCH CENTRE

ULTRAFAST WAVEGUIDE LASERS

by

Amol Choudhary

Thesis for the degree of Doctor of Philosophy

January 2014






UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy

ULTRAFAST WAVEGUIDE LASERS
By Amol Choudhary

Mode-locked lasers with repetition-rates in excess of 1 GHz have many applications in areas such as
optical sampling, non-linear microscopy, and optical frequency metrology. To date there have been very
few demonstrations of such high repetition-rate lasers with sub-picosecond operation and high average
power. This thesis deals with the realisation of such compact sources using an integrated-optics platform.
Waveguides offer certain key advantages, including a low threshold power, high slope efficiency,
compatibility with monolithic devices, and a low mode-locking threshold, making them very promising
candidates for such devices. Ultrafast multi-GHz waveguide lasers are described in this thesis, which are
compact, mass-producible and low-cost making them very exciting candidates for industrial applications.

Mode-locking was demonstrated in an ion-exchanged Yb:phosphate glass waveguide laser with
integrated saturable absorber elements. An average output power as high as 80 mW was achieved at a
pulse repetition frequency (PRF) of 4.9 GHz, at a wavelength around 1 um and with pulse durations as
short as 740 fs. Using shorter cavity lengths, waveguide lasers with PRFs of 10.4 GHz, 12 GHz and 15.2
GHz were achieved with pulse durations between 757 fs and 824 fs. A Gires Tournois Interferometer
(GTI) effect was used to facilitate soliton mode-locking in the waveguides via accurate control of the gap
between the waveguide and the output coupling mirror. This is a convenient technique to control the
dispersion without introducing any extra elements in the laser cavity.

Two further Yb-doped ultrafast laser hosts, RbTiOPO, and KY(WO,),, were investigated for their
potential as ultrafast waveguide laser sources, having both been previously demonstrated as good bulk
ultrafast systems. Laser action was demonstrated for the first time in an (Yb,Nb):RbTiOPO, planar
waveguide laser, fabricated by liquid-phase epitaxy. Ion-beam milling was then used to fabricate the first
ever single-mode rib waveguides in (Yb,Nb):RbTiOPO, fabricated by dry etching techniques but laser
action was not possible due to propagation losses of ~3dB/cm. A systematic study of the reactive ion
etching of RbTiOPO,4 was then carried out to minimise the surface roughness, in an attempt to reduce the
propagation losses. The first ever demonstration of single-mode waveguiding in (Yb,Nb):RbTiOPO,
fabricated by reactive ion etching was demonstrated but the propagation losses remained high. Using
(Yb,Gd,Lu):KY(WOQ,), as a gain media, efficient laser action was demonstrated in an “inverted-rib”
waveguide laser structure fabricated by ion-beam milling. This laser was found to have a threshold power
as low as 13 mW and a maximum slope efficiency of 58% and showed characteristics of a pure 3-level-
laser by lasing at 981 nm. However, further loss reduction is again required in order for efficient ultrafast
operation to be obtained in the future.

Mode-locked waveguide laser operation was extended to the 1.5um spectral region based on an ion-
exchanged Er,Yb:phosphate glass waveguide laser using a novel SESAM based on a quantum dot in well
(DWELL) structure. 2.5 ps pulses at a PRF of 4.8 GHz and an average output power of 9 mW were
achieved. With a shorter waveguide sample, a PRF of 6.8 GHz with an average output power of 30 mW
and pulse duration of 5.4 ps was achieved. The repetition-rate of the laser was finely tuned by controlling
the pump power offering an attractive technique for enabling future frequency-comb stabilisation. This is
the highest reported repetition-rate from a mode-locked waveguide laser at 1.5 pm and is also the first
ever waveguide laser mode-locked by a quantum dot SESAM.

Finally, as an intitial step towards further extension to the 2um spectral region, laser action was
demonstrated, for the first time, in an ion-exchanged Tm:glass waveguide laser with a threshold power as
low as 44 mW and a maximum slope efficiency of 6.8% around 1.9 pum.

Designs for power-scaling of such sources have also been discussed in this thesis.
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Chapter 1 Introduction

1.1 Motivation

The first ever laser consisted of a flash-lamp-pumped ruby rod and was built by T.H.
Maiman in 1960 [1] and since then lasers have captured the imagination of many
physicists and the general public alike. Lasers have evolved significantly and now find
various applications in areas such as spectroscopy [2], interferometry [3], remote sensing
[4], holography [5], material processing [6], medicine [7], in day to day devices like
DVD players and laser pointers as well as in more exotic applications such as the

simulation of event horizons of black holes in optical fibres [8, 9].

Lasers can operate in the continuous wave (CW) regime, where the intensity
remains constant as a function of time or in the pulsed regime where periodic pulses of
light are emitted with durations in the order of femtoseconds (mode-locking) to nano-
seconds (Q-switching). Over the last decade, there has been a tremendous advancement
in mode-locked laser systems, with pulses as short as 4 fs [10] being achieved in the near
infrared (NIR) spectral regime. Such laser system are known as “ultrafast” lasers and now
find applications in many areas such as telecommunications [11], measurement of the
dynamics of chemical reactions [12, 13], micromachining of materials [14] and medicine

[15, 16].

Ultrafast lasers can be categorised based on the pulse repetition-rates. Lasers with
low repetition-rates (kHz- MHz) can have very high energies making them very attractive
for applications such as particle acceleration [17], XUV generation [18] and plasma
physics [18]. Repetition-rates in the order of 100 MHz with femtosecond pulse durations
are typically achieved from Ti:sapphire lasers [19, 20] and various Yb-doped bulk laser
systems [21-23], which are the work-horses for a large number of technological
applications like optical frequency metrology [24], optical coherence tomography [15]
and non-linear microscopy [25]. Extending ultrafast laser systems to even higher
repetition-rates (>1 GHz) brings its own range of applications. In nonlinear microscopy
[26], it was demonstrated that a balance could be reached between the high second
harmonic signal and unwanted photo-damage by increasing the repetition-rate of an NIR
laser. In the field of optical metrology [27] there is a need for stabilised high-repetition-

rate lasers for precise measurement of optical frequencies due to the high power per
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longitudinal mode. Other applications include the calibration of astronomical
spectrographs (astro-combs) [28], optical arbitrary waveform generation [29] and optical

sampling [30].

In order to realise mode-locked high-repetition-rate sources, the cavity length has to

be decreased because of the following relation:
c
frep - ﬁ (1.1)

where, frep is the repetition-rate of the laser, ¢ is the speed of light, n is the

refractive index of the gain medium and / is the length of the cavity. A simplified cavity
where the length of the gain medium is equal to the cavity length is shown in Figure 1-1.

The train of pulses are separated in time by the inverse of the pulse repetition-rate.

1frep

—eeeeep

Gain medium
n

Mirror 1 Mirror 2

Figure 1-1. An idealised mode-locked cavity showing a train of pulses.

High-repetition-rate (> 1GHz) solid-state lasers operating near 1 pm [31-36] have
been demonstrated using a micro-chip laser cavity based on Nd:YVO,. Pulses of ~2
picoseconds were realised around 1064 nm using this system with a repetition-rate as
high as 160 GHz [36]. Using carefully engineering micro-cavities, mode-locked
operation around 1.5 um [37-39] was obtained using Er,Yb:glass as the gain medium. A
repetition-rate of up to 100 GHz was demonstrated with pulse duration in the picosecond
regime. Efficient and compact ultrafast lasers operating in the GHz regime with sub-

picosecond pulse duration have also been developed based on diode-pumped ytterbium
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(Yb®") gain media [40-41] and solid-state-laser-pumped titanium (Ti’") doped sapphire
[42, 43]. However, bulk laser approaches to high-repetition-rate sources typically require
carefully engineered components (because of the short cavity lengths required) making

them expensive and difficult to construct

In general, there is a need for compact ultrafast sources with multi-GHz repetition-
rates which have a low-timing-jitter, can be power-scalable, are cheap and are compatible
with standard micro-fabrication techniques. In the last decades, there have been various
sources developed towards this goal. Vertical external cavity surface emitting
semiconductor lasers (VECSELS) [44] and semiconductor lasers [45] can be mass-
produced and have high repetition-rates. However, due to the fast gain dynamics during
mode-locking, such sources have a high timing jitter of up to one picosecond [46]. The
timing jitter can be reduced by using active elements [47] to achieve mode-locking, but
such systems suffer from the drawback of having external control components thus

making the system more complicated and also leads to the generation of longer pulses.

Harmonic mode-locking is a technique in which multiple pulses oscillate in the
cavity synchronously, thus increasing the repetition-rate in integral multiples of the

fundamental repetition-rate given by the following expression:
C
frep == N ﬁ (1.2)

where, N is the number of pulses in the cavity. Harmonic mode-locking has also been
used in fibre lasers [48] and VECSELS [49] to reach multi- GHz repetition-rates. Also, a
repetition-rate of up to 10 GHz has been achieved from a Ti,Er:LiNbO; waveguide [50]
laser using this technique. However, due to the existence of multiple pulses in the cavity,

harmonic mode-locking is less stable when compared to fundamental mode-locking.

Diode-pumped waveguide lasers either in a cylindrical geometry (fibres) or in a
rectangular geometry (planar/ channel waveguides) with low propagation losses benefit
from compactness, low laser threshold powers and high slope efficiencies. When
integrated with saturable absorber elements they can have a low mode-locking threshold
due to the strong saturation of the gain medium and the saturable absorber due to small
mode sizes. Short pieces of Erbium-(Er’") doped fibres have been used to realise sources

with repetition-rates greater than 1 GHz [51-53] but are usually limited in power to about
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1 mW. Recently, a sub-centimetre Ytterbium Yb>")-doped fibre was used to generate 3
y P g

GHz pulses with up to 27 mW of average power [54].

In a rectangular geometry, mode-locked waveguide laser sources can be
fundamentally mode-locked to develop power-scalable sources at different wavelengths
which can be mass-producible, compatible with micro-photonic fabrication techniques,
are compact and cheap. A motivation for multi-GHz waveguide lasers could be for
optical sampling [30] which at the moment requires two high-repetition-rate mode-locked
Ti:sapphire laser sources with slightly different repetition-rates. Many mode-locked
lasers can be realised on a single waveguide chip, thus making the setup much more
compact and cheap. Another advantage is that by using standard clean-room fabrication
techniques, dispersion compensating elements, Bragg-mirror structures and possibly
saturable absorbers could be integrated on a single chip. To this end, the first integrated
sub-picosecond waveguide laser with a repetition-rate of 400 MHz and wavelength
around 1.5 pum was realised by Byun et al. using an Erbium-doped alumina-silicate glass
[55]. A p-doped silicate glass was integrated on the chip and was used for dispersion
compensation and a saturable Bragg reflector was end-butted on the waveguide to
facilitate self-starting mode-locking. Pulses as short as 440 fs at a wavelength of ~1560
nm were achieved; however the output power was limited to only ~1.2 mW. Waveguides
have been used as a gain medium in various ultrafast cavities with the saturable absorber
in an external cavity configuration, thus resulting in repetition-rates below 1 GHz [56-
60]. Recently, picosecond pulses at a repetition rate of 1.5 GHz [61] have been generated
from a Q-switched mode-locked laser using femtosecond written waveguides and

graphene saturable absorber elements.

The realisation of ultrafast waveguide lasers with repetition-rates in excess of 1
GHz with a footprint of ~1 cm? serves as a motivation for this project. Such sources with
integrated saturable absorber elements could pave the path to have on-chip mode-locked
sources. Such sources can have tremendous potential for the realisation of a compact and
robust frequency comb for applications in optical frequency metrology, astronomical

spectroscopy and many others.

The goal of the research described in this thesis was the realisation of novel sub-
picosecond, multi-GHz waveguide lasers operating around 1 um, 1.5 pm and 2 um with

power in excess of 10 mW. To achieve this, various gain media like Yb*"-doped IOG-
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glasses, Yb’*-doped RbTiOPO,, Yb*-doped KY(WOy,),, Er’",Yb’"-doped 10G glasses

and Thulium (Tm’")-doped germanate glasses were studied during the course of this

project to evaluate their potential for mode-locking applications in a waveguide

geometry. The key achievements of this research project and the outline of this thesis are

described in the following sections.

1.2

Key Achievements

Some of the highlights of the work described in this thesis are:

1.

Promising results were achieved using ion-exchanged Yb’"-doped IOG-1 glasses with
the realisation of the first femtosecond oscillator based on an Yb’'-doped glass
waveguide laser with a repetition-rate of 4.9 GHz. Pulses as short as 740 fs and
output power as high as 80 mW was achieved.

The highest reported repetition-rate of 15.2 GHz from a waveguide-based
femtosecond oscillator using Yb*"-doped IOG-1 glasses.

The first waveguide laser mode-locked using a quantum dot SESAM. This was
achieved with an ion-exchanged Er,Yb-doped I0G-1 glass waveguide laser. Pico-
second operation with a maximum power of 30 mW was demonstrated. A repetition-
rate of 6.8 GHz was achieved, which is the highest repetition-rate reported from a
fundamentally mode-locked waveguide laser operating near 1.5 pum.

The first ion-exchanged Tm’"-doped glass waveguide laser operating near 1.9 pm
was demonstrated. This can open up the field for the development of mode-locked
sources with multi-GHz repetition-rates near the 2 um spectral regime. Such sources
can be used as pumps for mid-IR frequency comb generation.

Mirrorless emission from an inverted Yb*'-doped KYW laser at 981 nm was
observed. Emission was also observed at 999.8 nm. KYW has a broad emission near
999.8 nm and near 1030 nm. Traditionally, lasing has been observed near 1030 nm
from this laser crystal. However, if the entire emission spectrum from 981 nm to 1030
nm is exploited for mode-locking, sub-50 fs pulses can be potentially achieved.
Demonstration of the first channel waveguide in Yb,Nb:RbTiOPO, waveguide
fabricated by reactive ion etching (RIE). RIE was optimised for RbTiOPOy4 to
produce low-loss waveguides. RbTiOPO4 is a non-linear crystal with a broad
emission bandwidth and RIE can be used for fabrication of waveguide-based non-

linear devices and mode-locked sources.



7. Demonstration of the first ion-beam milled Yb,Nb: RbTiOPO4 waveguide.

1.3 Thesis synopsis
After this brief introduction and the key achievements of this project, the rest of the thesis

has been presented as follows:
Chapter 2 discusses the technological background relevant for this thesis. This includes:

1. All the theoretical concepts relevant to this research: waveguide theory, laser theory,
ion-exchange theory and mode-locking theory.

2. A literature survey of the gain media explored in this research.
Chapter 3 discusses all the experimental techniques employed in this project:

1. The fabrication of planar and channel waveguides.
2. The basic experimental setups for CW lasing and mode-locking experiments.

3. 3 methods of estimating the propagation loss in waveguides.
Chapter 4 describes experiments carried out with Yb*"-doped waveguides:

1. CW and mode-locking results obtained with Yb:10G-1 glass.
2. CW and waveguiding experiments withYb”"-doped KY(WOy), and RTP.

Chapter 5 contains experimental details about mode-locking experiments carried out with

ion-exchanged Er’*,Yb*"-doped I0G glass waveguides.

Chapter 6 presents the fabrication details and CW experiments carried out with ion-

exchanged Tm’":germanate glass waveguides.

In chapter 7, the conclusions and the future work have been presented.
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Chapter 2 Technological background

After the motivation for the project presented in the first chapter, this chapter discusses
various theoretical concepts relevant to the project. Section 2.1 briefly discusses the basic
theory of waveguide propagation modes. Since all the mode-locking results were
achieved with ion-exchanged waveguides, ion-exchange theory is presented in more
detail in section 2.2, and section 2.3 presents the basic quasi-3-level laser theory relevant
to the laser systems utilised in this work. Mode-locking theory and mode-locking
schemes are then discussed in section 2.4. The advantages of using waveguides for mode-
locking are given in section 2.5 and finally, all the gain media discussed in the following

chapters are described in section 2.6.

2.1 Waveguide geometry
The ultrafast high-repetition-rate lasers discussed within this project were based on a
planar channel waveguide geometry. In this section, a brief overview of the waveguide

theory is presented.

2.1.1 Waveguide theory
An optical waveguide is a device that guides electromagnetic waves for certain
wavelengths without divergence in the guided direction [1]. It is possible to have
waveguides in a rectangular geometry or cylindrical geometry, optical fibres being an

example of the latter.
The propagation modes in the waveguide can be calculated from the wave equation [2]:
V2E + w?ucE =0 (2.1

where, V is the spatial vector operator, w is the angular frequency, u is the permeability
of the medium, ¢ is the permittivity of the medium and E is a complex phasor describing

the spatial variation of the electric field (E') with displacement vector # and time t :
E(#,t) = E(F)e'wt (2.2)
The refractive index is related to the permittivity via the expression, n = \/&/¢,

where g is the permittivity of free-space. Consider a simple planar structure shown in

Figure 2-1 with a substrate of refractive index n3 ([3,€3), a superstrate/cladding layer with
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index n; (u1,€;) and the guiding layer/core with refractive index n; (l2,€2). A pre-requisite
for light to be guided by total internal reflection in layer 2 (with thickness d) at a

wavelength A is that n;>n; and n>ns.

A
Superstrate &
€1, My
A%
y= ——| Core 5.1
=i Substrate &3 Ky

Figure 2-1. A 1-dimensional planar waveguide structure.

The wave propagates along the z-direction and is confined in the y-direction. There

are two allowed polarisation states within the waveguide:

1. The transverse electric (TE) mode, where the electric field is polarised along
the x-direction (E,=0, E,~0 and H,#0)
2. The transverse magnetic (TM) mode, where the magnetic field is polarised

along the x-direction ( Hy=0, H,=0 and E#0)

An important quantity in waveguide optics is the numerical aperture (NA) which
describes the maximum angle (8) at which a launched ray of light will be guided in the

waveguide and is given by the following expression:

NA = sinf = \/n} —n? (2.3)

2.1.1.1 TE mode
The field is assumed to have an exponential decay in the substrate and in the cladding and
the total internal reflection leads to a standing wave in the core. The field has a common

wavevector in the z-direction (k,) and hence can be expressed as:

E@ t) = E(F)e'@wte~tka? (2.4)
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E(#) can be written as E,(y,z) since a planar waveguide is being solved, with no

variation in the x direction and the electric field components E, and E, are both zero

because of the TE condition. Solving the wave equation and using the continuity of the

electric and magnetic fields at the interfaces, E, (y, z) is calculated to be [2]:
d .
Ajcos (k;—d + ‘P) e_al(y_E)e‘lkZZ, y>d/2
E.(y,z) = A, cos(kyy + ‘P) e ke /2>y >—d/2

Ajcos (kZ—d - lP) e“3(y+g)e_ikzz. y < —d/2

(2.5)

Where, A, is the amplitude coefficient, @; and as; are the decay coefficients in the

cladding and in the substrate, k,, is the wave-vector along the y-direction in the core and

Y is the offset of the field amplitude with respect to the centre of the waveguide, and k,

is the wave-vector of the mode with an effective refractive index (n.fr) in the z-direction.

Mathematically these quantities are equal to:

2n
kz = Tneff

ay = k2 — wpe
az = \/m
ky = \/m
The continuity of E,. and H, at y= d/2 also gives the following expression:

kyd
tan(L+‘P) =2
2 Ky

Similarly, the continuity of E, and H, at y=-d/2 gives:

kyd
tan (L — ‘P) =2z
2 ky
From trigonometry it is known that:

tan(A4) = tan(4 * pm)

Eliminating ¥ using (2.10), (2.11) and (2.12), the following guidance

reached:

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

condition is
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2k, d — pff — 3F = 2pm (2.13)

Where, p is the mode number and T and ¢ZF are giving by the following expressions:

oTE = 2tan™! (ﬂ) (2.14)
ky
@IF = 2tan™! (Z—;) (2.15)

The first term in expression (2.13) is the phase change due to propagation through
one round-trip in the waveguide core and the second and third term are the phase changes
due to reflection at the core-cladding interface and the core-substrate interface
respectively. This implies that the total phase change of the guided mode over one-round
trip should be an integral multiple of 2. Equation (2.13) can also be written in terms of

normalised parameters as:

V(1 —-b)"? = pr +tan~?! (%)1/2 + tan™? (%)1/2 (2.16)
Where V is the normalised frequency given by:
V =2d(n3 —n)? (2.17)
b is the normalized guide index given by:
b= % (2.18)
and a is the asymmetry parameter given by:
re _ (#3=nd) 2.19)

-~ (n3-n3)

From these equations it is possible to calculate the normalised frequency and
asymmetry parameter for a given planar waveguide structure and propagation
wavelength, and then calculate the normalised guide index that satisfies eqn. (2.16) for a
given propagating mode p. This allows the effective index to be found and hence all the

spatial properties of that mode.
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Light can also be confined in both the dimensions, to give a 2-dimensional
waveguide. A geometry widely used in this thesis is the etched rib waveguide as shown

in Figure 2-2.

Cladding

Substrate

Figure 2-2. Rib waveguide geometry.

The effective-index method [2] can be used to calculate the propagating modes of
such 2-dimensional waveguides. This method is summarised in Figure 2-3 for the rib

waveguide shown in Figure 2-2.

neffl neﬁl

N3

Figure 2-3. The effective-index method.

The waveguide is cut into 3 slices, corresponding to 3 different planar waveguides,
and the effective index nes of a given mode is calculated in each region, using the method
described above. Next, the 2-d waveguide is replaced by a simple symmetric planar

waveguide structure with a guiding layer of height W and a refractive index n.sf, and a

substrate and a cladding layer, both with a refractive indices n.fr;. Repeating the 1-d
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waveguide analysis in this transformed waveguide, the effective index for the particular
propagation mode of the waveguide can be calculated. Once the effective index of the
propagating mode has been found, the spatial properties of the mode can be calculated in

both dimensions.

The effective index method was used as a simple starting point for the waveguide
designs in the thesis. However, in practice, commercial waveguide numerical modelling
packages were used to calculate the spatial properties of the modes presented in the thesis
as the real waveguide geometries fabricated by etching a planar film are often more

complex (e.g. etched side walls are normally sloped).

Another widely used technique for directly fabricating waveguides is ultrafast laser
inscription (ULI) [3]. In this technique an ultrafast pulse is tightly focussed into a
dielectric material which modifies the sample. Tracks can be inscribed which cause stress
induced change in the refractive index which promotes waveguiding. Using this
technique, waveguide lasers have been demonstrated with propagation losses of typically

>1 dB/cm [4, 5].

2.2 lon-exchange
Thermal ion-exchange was also extensively used in this project for realising waveguide

lasers and is discussed in this sub-section.

2.2.1 Introduction
Ion-exchange is an elegant technique for fabricating low-loss waveguides in glasses. It
involves the exchange of ions within the glass (glass ions) with different ions in the
diffusant source (diffusant ions). When heat is used as a diffusing mechanism, it is known
as thermal ion exchange (TIE), and when an electric field is used along with heat it is
referred to as field-assisted ion-exchange. The first planar waveguide fabricated using
field-assisted ion-exchange was demonstrated in 1972 [6] and thermal ion-exchange was

demonstrated in 1973 [7].

The glass sample to be ion-exchanged is placed in a crucible, containing a molten
mixture, rich in the diffusant ions and heated in a temperature controlled furnace. Due to
the concentration-gradient formed between the diffusant-ion-deficient glass and the
diffusant-ion-rich melt, there is a flow of the diffusant ions from the melt to the glass.

Similarly, the glass-ions diffuse from the glass to the melt.
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TIE is usually carried out at a temperature lower than the glass transition
temperature (T,) and therefore nitrate salts, which have low melting points, are preferred
as the diffusant source. The glasses used in this project were rich in sodium (Na") ions,
and the Na" ions within the glass were exchanged with other alkali metal ions: silver
(Ag") and potassium (K"). Ag" ions allow a high-index-contrast but can also lead to high
losses; K" ions cause a lower index contrast but generally lead to lower propagation
losses. Using a combination of Na'-K' ion exchange and Na'-Ag' ion-exchange,
propagation losses of <0.3 dB/cm and an index contrast of up to 0.05 were achieved as

discussed in the later chapters.

2.2.2 Theory
The diffusion model for the ion-exchange process is described in this section. The
concentration of the diffusant ions is directly proportional to the refractive index [8],

hence the concentration as a function of the depth has been derived.

Figure 2-4 shows the schematic of the ion-exchanged waveguide in a glass along with the

coordinate system used for the derivation of the diffusion equation [9]:

Oc, 1 B .ygr=_Pa g2
P + 1—(1—M)c”AE Ve = 1_(1_M)CV c (2.20)
X
z
Y
Waveguide
Z

Glass substrate

Figure 2-4. Diagram showing the coordinate system for the ion-exchanged waveguides.

Where, ¢ = c¢(x,y,2,t) = c4/cg is the normalized diffusant ion concentration, c4 is
the concentration of the diffusant ions and c2 is the concentration of the glass ions prior

to ion-exchange. M is the ratio of the mobilities of the diffusant and glass ions, p,is the
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mobility of the diffusant ions, £ is the electric field and D, is the diffusion coefficient of

the diffusant ions.

Assuming that diffusion only occurs in one dimension and that the mobilities of the

diffusant and glass ions are similar (M~1), (2.20) reduces to:

ac ~ Oc 0%c
—+,L1AE @—DA% (221)

The boundary conditions are shown below, where c; is the concentration of the diffusant

ions on the surface of the glass:

c(y,0) =0
c(0,t) = ¢ (2.22)
c(oo,t) =0

The solution for (2.21) is given by [10]:

c _1 Y—UaEL HAEYY | y+usEt
w3 [erfc (—2 DAt> + exp( D, ) erfc (—2 Dt )] (2.23)

and simplifies to the following expression in the absence of an electric field:

S =erfc (%) (2.24)

Cs 0

where, erfc is the complementary error function and W, = \/m is the value at
which the argument of the erfc function equals 1, i.e the erfc(1) depth. Since the
refractive index is proportional to the concentration of the diffusant ions, the refractive
index is given by the following expression with ng being the refractive index of the

substrate and An being the maximum change in the refractive index:
n(x,y) =ng+ An-erfc (l) (2.25)
Wo

For a 2-dimensional diffusion profile, the index profile has experimentally been found to

be [11]:

n(x,y) = ng+ An-exp (%;) “erfc <;—y> (2.26)
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where d,, is the 1/e half width and d,, is the erfc(1) depth of the waveguide.

2.2.3 lon-exchanged waveguide theory
The theory of guided propagation in step-index waveguides was described in section 2.1.
However, since ion-exchange results in a graded refractive index profile n(y), the planar
waveguide theory must be modified to account for this. Let the maximum refractive
index be ng,, at the surface of the waveguide and the substrate refractive index be ng.
Since there is not a clear boundary between the core and the substrate, it is difficult to
solve the Maxwell’s equations. The WKB method [2] is used to evaluate the modes and
the effective refractive indices in the ion-exchanged waveguides. The representation of
the refractive index structure of the ion-exchanged waveguide is shown in Figure 2-5
with the core assumed to be contained between Y, and Y;. The mode should then have a
similar behaviour as in the slab waveguide. At any given point (y, z), a ray sees a

refractive index n(y) and satisfies the following expression:

k*(y) = kZ(y) + k7 = w?pe(y) (2.27)
Surface z
Y,
y
n(Y,)-0
y 5 (V)
° 5
n(Y,)+o

Figure 2-5. Refractive index of the waveguide.

This can be further written as:

ky () = ko /nz(}’) - ngff (2.28)
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where, k) = w./Uo€y. Points Y, and Y}, represent a turning point defining the effective size
of the core region within which a propagating ray can be confined. At these points the

k(y) vector is parallel to the z-axis and k,, is 0 implying:

ky(Yy) = ky(Yp) =0 (2.29)
Or:
n(Yy) = n(Yy) = nesy (2.30)
Then (2.13) is rewritten as [2]:
2 )" ky )y — oTF — oTF = 2pn (231)

To solve (2.31), the turning point ¥}, must be evaluated since Y, can be set to 0. At the

core-air interface using (2.7), (2.9) and (2.14), the phase change of the mode can be

oTF = 2tan™? e (2.32)
1 n3 () —nZgy '

The refractive index n,(y) can be written as ng,,., resulting in the following expression:

written as:

nz —nz
oIF = 2tan™'| |55+ (2.33)

nsw—nﬁff
The index contrast produced due to the ion-exchange is in the order of 10~ hence the
value of ng,, is very close to that of n.sr resulting in a phase change of @TE = . The

value of @If is calculated at Y, with the core divided into thin slices. The refractive

index at n(Yy,)=n,rr. The refractive indices & above and below Y, is given by:

n(t, = 8) = n(¥y) — 6 T =y — 6 20 (2.34)
n(Y, + 6) = n(¥,) + 8 6”6(;") = Ngpp + 6 a”a(ib) (2.35)

The expression for @£ is then:
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2 2
TE _ _1 Ngpp—1 Yp+6)
Q3" = 2tan ’—nz(yb—a)—ngﬁ (2.36)

Which reduces to @f = 2tan™1(1) =m/2 in the limit of § > 0. (2.31) is then

approximated as:

2 J," koy/n2 () — 2 (Vp)dy — (2p +2)m =0 (2.37)

Using iterative modelling, this equation can be solved for each value of p to find Y;, n(Y3),
and hence n,: A commercially available software package (RSoft Cad) was used to

calculate the mode-profiles of the ion-exchanged waveguides presented in this thesis.

2.3 Quasi-3-level-laser theory
4-level lasers, such as Nd3+—d0ped yttrium aluminum garnet (YAG) [12], have been
traditionally used to develop low-threshold lasers. However, these lasers are pumped at
around 800 nm and lase at around 1 pm resulting in a quantum efficiency of about 80%.
Yb**-doped lasers typically have quantum efficiencies exceeding 90%, leading to a lower
thermal load and enabling high-power operation. Also, Yb*"-doped lasers have a much
broader emission bandwidth compared to Nd**-doped lasers, making the former very
promising for femtosecond laser operation. However, Yb>*-doped gain media fall in the
class of lasers known as quasi-three-level lasers. In such laser systems the lower laser
level is thermally populated, which increases the threshold power because of re-
absorption of the lasing wavelength. A generalised energy-level diagram for a quasi-3-

level laser is shown in Figure 2-6.

Pump Manifold

A N N
N, v ] v
Pump Laser
N, -
\ N,
Vi

Ground State

Figure 2-6. Energy level diagram for a quasi-3-level laser.
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A pump photon excites an electron from the ground state to the pump manifold,
which decays non-radiatively to the metastable upper laser level N,. Stimulated emission
from N to the lower laser level N; emits a laser photon. N; and N, are Stark levels within

the lower (Np) and upper manifolds (Ny) with population densities given by:
N; = fiN,
NZ - fZNU (2.38)

where, f; and f> are the fractions of the total population within the lower laser level of the
lower manifold and upper laser level of the upper manifold, respectively. It is assumed
that the upper laser level is unpopulated when un-pumped i.e NY = 0 and that the lower
laser level population density is NP = f;N? where the superscript “0” denotes
equilibrium. Also, spatial hole burning and depopulation of the ground state are neglected

in the following analysis [13].

The rate equations for N, and N; are given by:

—N9 _
szzlxt,y.z) = f, Rpr(x, y,7) — Nz(x,yT,Z) Ny sz(T(Nz(x,y,Z) N;(x,,2)) dp(x,y,2) =0 (2.39)

dN1(x,y,2)
% = _flRpr(x)y’Z) -

N1 (x,y,2)—-NY

N flco'(Nz(x.y,rZL)—N1(x.y,Z)) DP(x,y,2) = 0 (2.40)

where, 7 is the upper laser level lifetime, c is the speed of light, o is the emission cross-
section and n is the refractive index of the medium. The pump rate Ry, is defined as:

_ Py(1-e”%Ph

R
p hvy

(2.41)

where, P, is the pump power, h is the Planck’s constant, v, is the frequency of the pump,
a, is the absorption coefficient of gain media at the pump frequency and [ is the length of

the gain media. The total number of photons in the laser cavity @ is given by:

o =21t (2.42)

chvy,

where, v; is the laser frequency and P; is the laser power travelling in one direction.

r(x,y, z) is the spatial distribution of the pump energy and is normalised as:

I fcam.tyr(x, y, z)dxdydz = 1 (2.43)
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The quantity ¢ (x, y, z) is the spatial distribution of the laser energy and is normalised as:

Weaviey @y, 2)dxdydz = 1 (2.44)
The total population inversion AN is given by:
AN = N, — N, (2.45)
Therefore, (2.39) and (2.40) can be combined to give:

dAN(x,y,2) AN(x,y,z)-AN°® + AN (x,y,2)
B = (fy + )Ry (0, 2) — SIS BB 0 (x,y,2) - (246)

where, AN® = N — N7 is the un-pumped population inversion.

The temporal evolution of the total number of photons in the cavity is governed by the

following equation:

ao

o o}
2t = Weaiey AN Gy, )P (x, y, 2)dxdydz — = = 0 (247)

Where, 7. = 2nl/cé is the photon cavity lifetime and & is the round-trip loss.
Rearranging (2.47) and utilising the fact that for stable laser operation, round-trip loss (8)

must be equal to round trip gain (G):
G = 20l fffcam.ty AN(x,y,2)¢(x,y,z)dxdydz = § (2.48)

The round-trip loss § consists of the passive cavity losses Lgy and the output coupling
losses —InR where R is the reflectivity of the output coupler and the reflectivity of the
other mirror is assumed to be 100%. The population inversion at thermal equilibrium can
be found by replacing f; + f, by f and AN® by —N as N > NJ and using (2.46):

fTRpT(x,y,2)—N3

AN(x,y,z) =
(x y Z) 1+ﬁ%¢¢(x,y,z)

(2.49)

The useful output power P,,; is given by TP;, where T is the transmission of the output

coupler. Using this and replacing the value of AN(x,y, z) from (2.49) in (2.48) gives:

T
hj;_pPPnabsr(x’Y:Z)_N?

20 [, [7 [ o (x,y, 2)dxdydz = Lpy — InR (2.50)

P
1+212UL & (x,y,Z
Tl Y2
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-

Where, g5 = 1 — e %! and Iy = % The threshold power (P;;) is defined as the

minimum pump power required to achieve laser action and can be evaluated by setting

the P,,; to 0 and Pp to P;y,:

hvp

20'lf‘lf17 (LRT lnR+2crN1 D
Py, = (2.51)
T2 152, r(x,y,z)¢(x.y,z>dxdydz

The pump and laser spatial distributions are expressed as [13]:

<_£> <_2’W>
r(x,y,z) =— 2% o\ eh)e\ “by/e-arz (2.52)

TNabsWpx WPy

¢(x,y,2) = —e<_5’%>e<_2yy> (2.53)

WLy a)Lyl

The final expression for the threshold power can thus be written as:

(LRT InR + 20N D)\ w}, + w}, /wLy + a)Py (2.54)

4-O'f‘L'77

where, w is the 1/¢* beam size for the laser (L) and pump (P) in the vertical (x) and

horizontal (y) direction.

In order to achieve a low threshold power, the lifetime and emission cross section
should be high, which is fixed for a particular gain media. However, the mode sizes, the
losses and re-absorption losses should be as low as possible. The mode sizes can be
reduced in waveguide geometry as both the pump and laser modes are confined in the
waveguide throughout propagation. The round trip propagation loss can be minimised by
optimised fabrication techniques and as long as they are much less than the combined re-
absorption and output coupling losses then they should not act to significantly increase the

threshold power.

The slope efficiency (ns) gives information of the performance of the laser, i.e. how
efficiently the pump power is converted to laser power after reaching threshold. This is
given by the following expression [13]:

_wds (T
Ns = Vp ar 'l (L+T) (2.5)
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where, vp is the laser frequency, T is the percentage transmission of the output
. . ., ds .
coupler, L is the total percentage loss in the cavity, - 1S @ measure of the mode-overlap

between the population inversion and the laser beam and mq is the internal quantum
efficiency. In a waveguide, the overlap between the population inversion and the laser
beam is normally very high. However, the propagation losses are now required to be low

in comparison to the output coupling in order for high slope efficiencies to be obtained.

2.4 Mode-locking

In a laser with a sufficiently large emission bandwidth, many longitudinal modes can be
phase locked together to generate ultra-short pulses [14, 15], which is called mode-
locking. If there are ‘n’ longitudinal modes and the n™ mode has an electric field

amplitude E,, then the total electric field E(t) is given by:
E(t) =Y E,expi[(w, + nAw)t + nAg] (2.56)

where, ®,is the central frequency, Aw is the mode separation and A¢ is the phase
difference between successive modes. Mode-locking implies that the phase difference is a
constant denoted by ¢, Therefore the electric field is simplified to the following
expression, which is an equation for an electric field modulated by a trigonometric

envelope function:

nAwt

sin3 2.57)

sin[—Awt]
2

E(t) =E,expi[w,t+ @,]

Mode-locking can be achieved actively, for example by using modulators based on
the acousto-optic or the electro-optic effects, or passively for example using saturable
absorbers or Kerr-lens mode-locking. The first actively mode-locked laser [16] was a He-
Ne laser and the first ever passively continuous wave (CW) mode-locked laser was a dye
laser [17]. Since active mode-locking requires an external signal and also because it
generally leads to the generation of longer pulses [18], passive mode-locking is the
preferred choice for this project. If the value of the number of modes n is increased in
(2.57), the resulting pulse duration becomes shorter. Thus, it can be concluded that in
order to achieve short pulses, the laser medium must have a large spectral bandwidth.
Therefore, materials with a broad emission spectrum were chosen as potential candidates

for mode-locking in this project.
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2.4.1 Saturable absorption
A saturable absorber exhibits a high loss at low intensities and low-loss at high
intensities, thus favouring pulsed operation. The most intuitive way to understand
saturable absorption is by considering a simple 2-level electronic system. Initially, when
all the electrons are in the ground state, then any incident pump photon is absorbed, thus
exciting the electron from the ground state to the upper level. As the intensity of incident
photons increases, the photon can either be absorbed or can induce emission. Therefore,
the absorption decreases with intensity until at high intensities, the upper and lower level

reach equilibrium and there is no further absorption. This is the state of low-loss for the

pump.

In any laser system, the net gain should be greater than the total loss in the cavity in
order for laser oscillations to circulate in the cavity. This means that in a laser with a
saturable absorber it is possible to introduce sufficient loss for the low intensity light, to
suppress its circulation in the cavity. For the high intensity pulse, the loss is saturated for
a short time interval. The dynamics of the gain medium and the loss modulation

introduced by the saturable absorber are shown in Figure 2-7.

Pulse

Loss Pulse Loss

Gain

_J\/L —

Time ———

Time ————

a. Fast saturable absorber, no gain saturation.  b. Slow saturable absorber with gain saturation.

Figure 2-7. Gain-loss dynamics resulting in a short pulse.
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Figure 2-7 (a) shows the dynamics of a mode-locked laser with no gain saturation
and a fast saturable absorber. The saturable absorber is modulated in the fs scale, and
when the loss falls below the saturated gain of the laser gain medium, a pulse is
generated. This is the mode-locking mechanism in Kerr-lens mode-locking of Ti:sapphire
[19]. The mode-locking mechanism in dye lasers [17, 20] is shown in Figure 2-7 (b).
Here, the gain and the saturable absorber are both modulated, with the response of the
saturable absorber being slow in comparison to the previous case. There is a short

window in which the gain exceeds the loss resulting in the generation of a short pulse.

There are various saturable absorbers that can be used to generate sub-ps pulses.
However, semiconductor saturable absorber mirrors (SESAMs) [21] and quantum-dot
(QD)-doped glasses [22] have been discussed in the following sub-sections as these were
investigated to generate short pulses in this project. Graphene [23] and carbon nanotubes
[24] have also shown considerable promise as saturable absorbers for mode-locking and

are briefly discussed in section 2.4.1.3.

2.4.1.1 SESAM

Since its invention in 1992 [21], semiconductor saturable absorber mirrors or SESAMs
are one of the most popularly used saturable absorbers to generate sub-picosecond pulses.
These consist of either a bulk semiconductor or a quantum well or a QD absorbing region
that acts as the saturable absorber embedded within a Bragg mirror. The major advantage
of using SESAMs is that almost all parameters can be custom designed using
semiconductor fabrication techniques. Band-gap engineering and defect engineering can
be used to control the operating wavelength and recovery times of the saturable absorber
layer, whereas careful design of the dielectric mirrors can give almost any desired

reflectivity.

A photon when absorbed by the semiconductor layer excites an electron from the
valence band to the conduction band as shown by the blue arrow in Figure 2-8. Initially,
there is a fast intra-band relaxation (red arrow in Figure 2-8) in the time scale of 10-100
fs followed by the carrier recombination, which is usually an order of magnitude slower
(green arrow in Figure 2-8) .The slower response leads to a reduced saturation intensity,

which helps in self-starting while the faster response helps in pulse shaping [25].



28

Conduction Band

S~
/ ~

Valence Band

Figure 2-8. Absorption and relaxation processes in a semiconductor.

Usually semiconductors have a carrier recombination time in the range of
nanoseconds, which is too slow for CW mode-locking [25]. In order to decrease the slow
time constant, low-temperature-grown III-V semiconductors are used [26]. The excess
group V atoms formed during the low-temperature growth lead to point defects, which

result in fast carrier trapping [27, 28].

The key parameters of a SESAM are: the modulation depth (AR) defined as the
change of reflectivity due to saturable absorption, saturation fluence (Fg,) defined as the
required pulse energy fluence to change the reflectivity by 1/e of the modulation depth,
linear reflectivity (Ry,) defined as the unsaturated reflectivity and the unwanted losses
known as the non-saturable losses (AR,s). These parameters are clearly marked in a

reflectivity vs. pulse energy fluence diagram shown in Figure 2-9.
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Figure 2-9. Reflectivity vs. pulse energy fluence highlighting the different parameters of a
SESAM.

A laser cavity with a saturable absorber may also generate Q-switched mode-

locked pulses [29-31]. The condition to prevent Q-switched instabilities in the non-

soliton mode-locking case is that [18]:
Ezg > Fsat,LFsat,AAAALAR (2-58)

where, E, is the pulse energy, Fi,, is the saturation fluence of the laser , Fy, 4 is the
saturation fluence of the saturable absorber, A, is the area of the laser mode incident on
the saturable absorber, 4, is the area of the laser mode in the gain medium and AR is the
modulation depth of the saturable absorber. The critical pulse energy E, .. is the

minimum pulse energy required to prevent Q-switching instabilities and is found when
Ezicrit = Fsat,1Fsat,adaALAR (2.59)

For the mode-locked Yb:IOG-1 waveguide laser discussed in chapter 4, the value
of Fyqry is 72.2 Jem?, Fygq 4 is 90 pl/em’, Ay = A, = 6.92 x 1077 cm” and AR is 0.4%

giving a critical pulse energy of 3.5 nJ.
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From (2.59) another advantage of using waveguides for ultrafast pulse generation
can be deduced: as the effective area of the mode is much smaller than when compared to

bulk lasers, it is easier to saturate the absorber and thus avoid Q-switching instabilities.

A brief overview of typical results obtained by mode-locking with SESAMS at

different wavelengths is given in Table 2-1.

Table 2-1. Review of typical pulse durations obtained by mode-locking with SESAMSs

Gain Central Pulse Reference
Medium Wavelength duration
(nm) (fs)

Ti:sapphire 840 19 [32]
Cr:LiSAF 875-900 14 [33]
Cr:forsterite 1290 40 [34]
Yb:YAG 1030 1700 [35]
Yb:KYW 1029 66 [36]
Yb:RTP 1053 155 [37]
Yb:glass 1050 58 [38]
Nd:glass 1059 173 [39]
Nd:YLF 1047 3300 [21]
Er,Yb:glass 1533 2500 [40]

Recently, QDs have been used as the saturable absorber layers in SESAMs [41-44].
The densities of states for a quantum dot are a sequence of delta peaks, where each peak
corresponds to a QD of a different size. Therefore, the density of charge carriers at a
particular energy level is much higher when compared to bulk or a quantum well. QDs also
have the following advantages over bulk semiconductor and quantum well structures:
broadband absorption due to the inhomogeneous broadening (related to non-uniform dot

size distribution), fast recovery times and low saturation fluence.
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24.1.2 Quantum-dot-doped glass

Even though QD-SESAMs are very widely used, they are expensive and complicated to
fabricate because molecular beam epitaxy (MBE) is used. QD-doped glasses offer a
cheaper alternative to SESAMs because they are fabricated using much easier and
cheaper batch melting techniques [22]. Also, by the variation of the quantum dot
diameter, it is possible to tune the absorption over a large bandwidth. II-VI
semiconductor crystals like CdS, CdSe and CdTe have been doped in silicate glasses;
however they are only suitable for operation in the 500-700 nm regime. The more widely
used semiconductor group is IV-VI, which comprises of PbS, PbSe and PbTe, because

they can be used for mode-locking from the visible wavelength to 3 pm.

High melting-point quantum dot doped glasses were fabricated by Dr. Pradeesh
Kannan and characterised for operation near 1.2 um [44] during this project. However,
the glasses exhibited large losses and it was difficult to control the glass fabrication
parameters. Therefore, SESAMs were preferred over these glasses for mode-locking
experiments in this project, as they are commercially available with a variety of

parameters.

2.4.1.3 Single-wall carbon nanotubes and grapheme
Single-walled carbon nanotubes (SWNT) are allotropes of carbon and have a cylindrical
structure. They have been used as saturable absorbers for femtosecond operation [24]
owing to their high damage threshold, and low non-saturable losses. The wavelength of
operation is dependent on the diameter of SWNT. However, the wavelength tunability is
only achieved due to a variation in the diameter which introduces insertion loss at

wavelengths where the SWNTSs are not in resonance.

Graphene is an allotrope of carbon and has a two-dimensional structure, in which
all the carbon atoms form a honeycomb lattice. In contrast to SWNTs, there is an electron-
hole pair in resonance for any excitation wavelength due to the negligible band-gap in
graphene. In addition, the fast carrier dynamics makes graphene a very promising
candidate for fast saturable absorbers [23]. Indeed, graphene will be explored in the future

as an alternative to SESAMs for the development of ultrafast waveguide lasers.
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2.4.2 Soliton mode-locking
In section 2.4.1, the gain-loss dynamics of a fast saturable absorber and a slow
saturable absorber with gain saturation were discussed. It is possible to generate short
pulses with a slow saturable absorber and no gain saturation using soliton mode-locking
[45], and the dynamics are shown in Figure 2-10. Soliton mode-locking was used for

mode-locking the waveguides presented in chapters 4 and 5.

In soliton modelocking the total intra-cavity group delay dispersion (GDD) is made
negative by introducing extra elements in the cavity with negative GDD, such as a prism
pair, chirped mirrors or GTI mirrors. This negative GDD balances self-phase modulation
introduced due to the Kerr non-linearity of gain medium. A SESAM is used to ensure
self-starting and it is indeed possible to generate pulses as short as 300 fs with SESAMs
with a 10-ps response time [46].

Pulse
Loss

Gain

\

—

Time ——

Figure 2-10. Gain-loss dynamics of soliton mode-locking.

In the soliton mode-locking case, the expression for the pulse energy (Ep) in (2.58)

i1s modified to [47]:

Fsat,LALgKZEP3 +Ep? > Fsat 1 Fsat,aAaALAR (2.60)
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where, g is the time-dependant round-trip power gain coefficient and K is a coefficient
which depends on the non-linearity of the gain medium and the total round-trip GDD. It
is found that the critical pulse energy in this case is usually an order of magnitude lower
than when compared to the case of non-soliton mode-locking [48] and is calculated to be

0.095 nJ for the Yb:I0G-1 waveguides discussed in chapter 4.

2.5 Advantages of waveguides
As explained in the previous sub-sections, waveguides can confine light for the entire
length of propagation without divergence, thus maintaining high intensities of light. The
effective area is therefore smaller when compared to the case of confocal focusing [49,
50]. The threshold power for a laser is directly proportional to the effective area [13] as
discussed in the section 2.3, hence a reduction in effective area reduces the threshold
power of the laser. The waveguide configuration also automatically allows a good
overlap between the pump and the laser beams, thereby resulting in high slope
efficiencies if propagation losses can be kept low. Waveguides also have an advantage
when it comes to thermal management because of a large aspect ratio [51]. A major
attraction for waveguide lasers is their small size and suitability for fully integrated
devices with multiple functions on one chip. Finally, as seen from equation (2.59), the
critical pulse energy required to overcome Q-switching instabilities in the case of non-
soliton mode-locking is directly proportional to the laser and pump mode areas. Since the
mode areas in the laser medium and on the saturable are small (and equal), this reduces
the mode-locking threshold in waveguides. All these advantages make waveguide lasers

very promising candidates for the realisation of ultrafast lasers.

2.6  Ultrafast laser gain media
In this section, all the gain media with which lasing and mode-locking experiments were
carried out have been discussed to give an overview of their optical properties, and a brief

literature review for each material has also been provided.

2.6.1 Ytterbium-doped gain media
Ytterbium (Yb*") doped materials [52] are very good active media for making power-
scalable solid-state lasers operating around 1 um as they have a broad absorption band
suitable for diode pumping, a small quantum defect (thus a lower thermal load), a long
lifetime and almost no losses due to up-conversion and excited state absorption. The

trivalent Ytterbium ion has a very simple electronic structure with only 2 sub-levels (*F75
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and *Fs),) and the sub-levels are further split into several Stark levels. One pump photon
excites the ground-state electron in the ’F5), level to the *Fsp level, after which it non-
radiatively decays to the lowest Stark level of 2Fs,. The electron then radiatively decays
to the lower laser-level in the ground manifold emitting a photon at the laser wavelength.
The lower laser level is thermally populated hence this system acts as a quasi-3-level
laser. The electron then decays from the lower laser level to the ground level non-
radiatively. The energy diagram for the Yb’" ion is shown in Figure 2-11. Yb*"-doped
I0G-1 glass, Yb*"-doped KYW, Yb’"-doped RTP and Yb"-doped YAG are discussed in

the following sections.

~
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Figure 2-11. Energy diagram of Yb**-doped gain media.

2.6.1.1 Yb:10G-1 glass

Slope efficiencies of up to 67% have been reported for an Yb*"-doped phosphate glass
waveguide laser fabricated by ion-exchange [53]. The absorption and fluorescence
spectra for a commercially available phosphate glass (IOG-1 from Schott) doped with 12
wt% Yb’* were measured and are shown in Figure 2-12. It can be seen that this glass has
a broad emission spectrum which makes it a very promising candidate for the

development of mode-locked sources.
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Figure 2-12. a. Measured absorption, and b. emission spectrum for Yb:10G.

2.6.1.2 Yb:KY(WO04):

Potassium double tungstates are probably the most common crystal hosts for bulk Yb**-
doped mode-locked lasers. These are biaxial crystals with a chemical formula of
KY(WOgy),. The optical axes Nm, Np and Ny have refractive indices nm, n, and ng,
respectively. They can be pumped by commercially available diode lasers operating at
981 nm. Yb:KY(WO4), or Yb:KYW has the highest available gain for the E//Nj
polarisation and has a very broad emission spectrum as seen in Figure 2-13 (b) which is
conducive for the generation of sub-picosecond pulses. The absorption spectrum is also
shown in Figure 2-13 (a) [54]. Femtosecond operation has been demonstrated in bulk
Yb:KYW crystals with pulse duration as short as 62 fs [36]. 160 fs pulses with a

repetition-rate of 2.8 GHz have been generated by utilizing soliton mode-locking [48] and
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114 fs pulses were demonstrated using a QD-based SESAM [41]. 107 fs pulses at a
repetition-rate of 294 MHz [55] and a 4.6 GHz oscillator with pulse width of 105 fs [56]

have been demonstrated using Kerr-lens mode-locking.
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Figure 2-13. a. Absorption spectrum [54], and b. measured emission spectrum of Yb:KYW.

Liquid-phase epitaxy (LPE) is a technique used to fabricate low-loss, single-
crystalline waveguides and is discussed in detail in the next chapter. The first Yb:KYW
planar waveguide laser was fabricated using LPE [57] and exhibited a slope efficiency of
80%. Q-switched operation has also been demonstrated for LPE-grown Yb:KYW/KYW
waveguide lasers [58] which generated pulses of 170 ns duration and 722 kHz repetition-
rate. Gd*" and Lu*" co-doped Yb:KYW films have been grown by LPE to increase the
refractive index contrast between the substrate and the film. This enabled laser operation

at very low threshold power of 18 mW [59] due to the increased confinement of the laser

and pump modes.
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The first Yb:KYW channel waveguide laser was fabricated by strip-loading a short
piece of optical fibre on an LPE-grown Yb:KYW layer [60]. In this case the threshold
power and the slope efficiency were measured to be 82 mW and 30% respectively.
Ultrafast laser inscription has also been used to fabricate channel waveguides in a doped
Yb:KYW crystal, which demonstrated laser action at a threshold power of 18.6 mW [61]
with a measured propagation loss of 1.9 dB/cm. More recently, channel waveguides were
fabricated by Ar-ion milling of LPE grown Yb’", Gd**, Lu’": KYW layers [62] with a
propagation loss of 0.3 dB/cm. A threshold power as low as 4.5 mW and a slope
efficiency as high as 62% was reported for this laser.

2.6.1.3 Yb:RbTiOPO,
RbTiOPO4 (RTP) is a nonlinear optical crystal that belongs to the KTiOPO4 (KTP)

family. RTP has similar nonlinear optical coefficients to KTP [63] but unlike KTP, it can
be doped with Yb*" ions to a high enough concentration to allow efficient laser action
[64, 65]. Therefore, by combining the emission of Yb’" with the nonlinear optical
properties of the crystal, it is possible to obtain a self-frequency doubling material. RTP
has other interesting properties, such as a high laser damage threshold, about 2 times
larger than that of KTP [66], large electro-optical coefficients, low dielectric constants

[67], high chemical stability and low photorefractive damage susceptibility [68].

Yb**-doped RTP is also a promising candidate for making ultrafast lasers owing to
its large bandwidth as seen from Figure 2-14 (b). The absorption spectra for all
polarisations are also shown in Figure 2-14 (a) [69]. Mode-locked operation with pulses
as short as 155 fs have also been demonstrated [37]. Planar waveguides in RTP have also

been fabricated by LPE with relatively low loss (~0.7dB/cm) [70-72].
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Figure 2-14. a. Absorption spectrum [69], and b. measured emission spectrum of Yb:RTP.

2.6.1.4 Yb:YAG
Yttrium aluminium garnet (YAG) doped with Yb*" (Yb:YAG) [73] has been traditionally

used to develop high power lasers [74], owing to the excellent thermal properties of the
YAG crystal. Mode-locked operation of Yb:YAG has been demonstrated using a
SESAM [35], with pulses as short as 1.7 ps being achieved. An epitaxially grown
Yb:YAG waveguide laser with a slope efficiency greater than 77% has also been
demonstrated [75]. The absorption spectrum [76] and the measured emission spectrum of
Yb:YAG is shown in Figure 2-15, and it can be noted that it is difficult to generate sub-
picosecond pulses because of the relatively narrow emission bandwidth. Attempts to
mode-lock a low-loss Yb:YAG planar waveguide fabricated by LPE [75] during the
course of this project were unsuccessful. The maximum intra-cavity power achieved was
<1W, whereas the calculated threshold power for mode-locking was >10 W. The reason
behind such a high mode-locking threshold power was that this was a planar waveguide,
which increases the effective mode area (equation (2.59)). As this waveguide was clad, it
could not be etched to fabricate rib waveguides. Therefore, experiments with this crystal

were not pursued further and are not discussed further in this thesis.
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Figure 2-15. a. Absorption spectrum [76], and b. measured emission spectrum of Yb:YAG.

Table 2-2 summarises the optical properties for all the Yb>"-doped gain media that

have been discussed in this thesis.
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Table 2-2. Optical properties of Yb*'-doped gain media

Property I0G-1Glass | Yb:KYW Yb:RTP Yb:YAG
[77] [78] [69] [79]
Emission maxima (nm) 1002 1025 1053 1029
Emission cross-section (m”) 5.4x10™% 2.9x10% 3x107% 2.2x107
Absorption maxima (nm) 974.6 981.2 900 (E//c) 941
Absorption cross-section (m?) 14.5x107% 1.2x107% 3.2x107% 0.8x10™%
Fluorescence lifetime (ms) 1.4 0.3 2.2 0.8
Refractive index 1.52@ 1 um | 1.98@lum | 1.85@972nm | 1.82 @lum

2.6.2 (Er,Yb):10G-1 glass
Development of compact multi-GHz sources operating near 1.5 um could have potential
applications in telecommunications as this wavelength falls in the widely-used third
telecoms window, where the losses of the silica sibre are lowest and erbium-doped fibre
amplifiers offer very high performance. Er’*-doped waveguides [80] have been used to
make laser sources near 1.5 um. However, the absorption cross-section for pumping from
the *I,5,, level to the *1;1, level is quite low making it difficult to populate the 111 level.
Therefore, Yb>" sensitizer ions are often co-doped with the Er’" ions to increase the
absorption [81] of the pump. The pump (around 980 nm) excites the ground state electron
in the Yb>" ion to the 2F5/2 level which transfers energy to the 411 112 level of a nearby Er*
ion. Following non-radiative decay to the 1,3, metastable level, a photon at the laser
wavelength of around 1.5 um is emitted from the 4113/29 4115/2 transition. The Er3+, Yb*

energy diagram is shown in Figure 2-16.
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Figure 2-16. Er3+, Yb3+ energy diagram.

CW operation in an ion-exchanged Er*",Yb*"-doped phosphate glass waveguide
laser operating near 1.5 um has previously been demonstrated [53] with a laser threshold
of 23 mW and a slope efficiency of 28%. Mode-locking has also been achieved in Er’",
Yb*"-doped phosphate glass waveguide lasers [82-84], however these have typically
involved external cavities and have resulted in repetition-rates less than 1 GHz and pulses
longer than 1 ps. The measured absorption and emission spectrum of an Er’*, Yb**: IOG-
1 glass (from Schott) is shown in Figure 2-17. Broad-band emission near 1.5 um is
observed, which makes these glasses promising candidates for mode-locked operation in

that wavelength range.
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Figure 2-17. a. Measure absorption spectrum for 2 different glass samples, and b. measured
emission spectrum for Er¥*(1.16 wt%), Yb**(4.77 wt%): 10G-1.

2.6.3 Tm:germanate glass
Recent development of solid-state lasers operating in the eye-safe region near 2 um has
been motivated by potential applications in spectroscopy [85], medicine [86] and LIDAR
[87]. Tm**-doped lasers have been widely used to develop lasers operating near the 2 pm
spectral regime. The energy diagram for a Tm®" ion is shown in Figure 2-18. A pump
photon near 800 nm is absorbed to excite the ground-state electron from 3 Hg to the 3H4
level, which then decays to the °F, level. The lasing action near 2 pm corresponds to the
3 F4s — 3H6 transition. The ° Hy — 3F4 -transition can also promote another nearby Tm>" ion
to the °F4 level from the ground state by a cross-relaxation process. This process can
potentially result in an internal quantum efficiency of up to 200%, allowing slope
efficiencies approaching 80%. Another advantage of Tm®"-doped gain media is the broad

absorption band near 800 nm that can be pumped by commercially available laser diodes.

High-power operation has been demonstrated in a Tm’"-doped fibre laser [88].
Figure 2-19 shows the measured absorption and emission spectra of a Tm:germanate
glass developed by Dr. Xian Feng for the work described in the thesis. It can be seen that
the emission bandwidth exceeds more than 100 nm, which means that sub 100- fs sources
could potentially be developed. An ion-implanted Tm:lead germanate planar waveguide

laser has previously been demonstrated at a laser threshold of 89 mW [89] and a
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femtosecond-written Tm:fluorogermanate glass channel waveguide laser [90] has been

demonstrated with a threshold of 80 mW and a slope efficiency of up to 6%.
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Figure 2-18. Tm** energy diagram.
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Figure 2-19. a. Measured absorption, and b. emission spectra for the Tm:germanate glass.
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2.6.4 Ti:sapphire
Ti:sapphire [91] is a widely used crystal for tuneable and mode-locked lasers with pulses
as short as 4 fs being achieved. The absorption spectrum for a bulk Ti:sapphire crystal is
shown in Figure 2-20 (a) [92]. The fluorescence spectrum of a thin film grown by pulsed
laser deposition (PLD) by Alberto Sposito for this project is shown in Figure 2-20, and it
can be seen that emission extends from 650 nm to 1000 nm. The spike near 700 nm is due

to the Chromium impurities present in the crystal [93].

PLD has been used to fabricate Ti:sapphire on sapphire waveguide lasers [94] but
with relatively high propagation losses. The Ti:sapphire on sapphire waveguides grown
by the PLD group at the ORC during the course of this project were also high loss, and

therefore this work was not pursued any further and has not been discussed in this thesis.
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Figure 2-20. a. Absorption spectrum [92], and b. measured emission spectrum of

Ti:sapphire.
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Table 2-3 summarises the optical properties of the Er’",Yb*":10G-1 glass, Tm:germanate

glass and Ti:sapphire gain media.

Table 2-3 Optical properties of Er**,Yb**: 10G-1 glass, Tm:germanate glass and

Ti:sapphire
Property Er*,Yb*: 10G-1 Tm:Germanate Ti:sapphire

[77] [95] [96]

Emission maxima (nm) 1534 1865 790
Emission cross-section (m?) 6.6x107% 2.3x107% 41x10*

Absorption maxima (nm) 974.6 790 492
Absorption cross-section (m”) 2x107% 5.6x10% 6.4x107
Fluorescence lifetime (ms) 10 0.8 3.2x107

Refractive index 1.5@ 1.5 pm 1.56 @ 2 pm 1.76 @ 633 nm

2.7 Conclusions

In this chapter, the basic concepts relevant to this project have been discussed. The
propagation of modes in a one-dimensional waveguide was first described, followed by
the effective-index method for calculating the modes in a two-dimensional waveguide,
which is of more interest from the point of view of this project. Since, all the mode-
locking results in this project were achieved using waveguides fabricated by ion-
exchange, a basic introduction to the diffusion theory was given and an expression for the
refractive index profile was derived. Finally, the WKB method for calculating the

propagation modes in an ion-exchanged waveguides was discussed.

The laser gain media used for this project fall in the class of quasi-3-level lasers
and the theory for such systems was discussed. Starting from the rate equations, the
expression for the laser threshold and the slope efficiency was derived. Next, mode-
locking theory for generating ultra-short pulses was described with a description of

saturable absorption, SESAMs, quantum-dot-doped glasses and soliton mode-locking.
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Following which, the rationale behind using waveguide lasers for this project has been

explained.

Finally, the properties of the gain media namely: Yb:RTP, Yb,KYW, Yb:10G-1
glass, Yb:YAG, Er,Yb:IOG-1 glass, Tm:germanate glass and Ti:sapphire were discussed

and the emission spectra for each gain medium was presented.
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Chapter 3 Experimental techniques

3.1 Introduction
In this chapter all the experimental techniques used during the course of the project have
been described. First, a description of the waveguide fabrication techniques applied in
this work is presented. Liquid-phase epitaxy (LPE) is described as a method of growing
rare-earth-doped single-crystal thin films as active planar waveguides. These films can
then be etched by ion-beam milling or reactive ion etching (RIE) to create channel
waveguides. Direct channel waveguide fabrication via ion-exchange in rare-earth-doped
glass is also discussed. This is followed by the description of the continuous-wave laser
experimental setup and three methods of estimating the losses in a waveguide. Finally,

the experimental setup for mode-locking experiments is discussed.

3.2 Fabrication of waveguides

In this section, the various methods of fabricating waveguides are discussed.

3.2.1 Liquid-phase epitaxy
LPE [1, 2] is an elegant way of growing a single-crystal layer from a molten solution onto
a seed crystal. For waveguide laser applications, the layer is normally the same crystal as
the substrate (ensuring good epitaxial growth) but with additional rare-earth doping to
enable lasing and to give the small increase in refractive index required for optical
confinement. A platinum crucible filled with a molten solution with the required
constituents is kept at a controlled temperature by a resistance-heated furnace. On
cooling, the solution becomes super-saturated and a seed crystal is immersed into the
solution. The crystal is rotated and pulled out of the solution slowly (~1 pm/min) to avoid
thermal stress. This results in the deposition of a good quality epitaxial layer on the

crystal.

This method has the advantage of being a thermodynamic equilibrium process and
thus good quality layers with thickness ranging from 1-100 pum can be grown at a fast
rate. Low-loss waveguide laser operation has previously been demonstrated in several
laser systems, including Yb:KYW [3] and Yb:YAG [4]. Waveguiding has also been
demonstrated in Yb:RTP systems with low propagation losses [5]. Therefore, LPE is a

method of choice for the fabrication of Yb*"-based waveguide laser systems with the
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potential for ultra-short pulse operation. LPE-grown Yb’'-doped waveguides were
obtained from the Scientific and Practical Materials Research Centre in Minsk, Belarus
and from the FICMA (Physics and Crystallography of Materials) group at the Universitat
Rovira i1 Virgili (URV), Tarragona, Spain.

3.2.2 Fabrication of channels
After the growth of single-crystalline films by LPE by our collaborators, I structured the
films by either ion-beam milling or RIE in the Integrated Photonics Cleanroom (IPC) at
the University of Southampton to form channel waveguides. Alternatively, the substrate
may be etched before the LPE-growth and then polished after growth to leave “inverted-
rib” waveguides. This fabrication technique is discussed in detail in chapter 4. Ion-
exchange can be carried out in glasses through photolithographically patterned masks to
directly give channel waveguides. These channel fabrication techniques are discussed in

the following sub-sections.

3.2.2.1 Ion-beam milling
Ion milling is a physical etching technique. It involves energetic argon (Ar') ions
bombarding the substrate at high velocities in a vacuum chamber. A mask can be
deposited on the substrate that protects the underlying region from the ions. As a result,
exposed areas are etched, forming waveguides. Rib waveguides have been formed in Ti:
sapphire using a combination of pulsed-laser deposition (PLD) and Ar-ion milling [6-8]
and in Yb:KYW [9] using a combination of LPE and Ar-ion milling. A typical ion-beam
milling process, as used in this thesis, involves the following steps (summarised in

Figure 3-1):

1. A photoresist layer is spun on the active layer.

2. The resist is then exposed to ultra-violet (UV) light through a chromium mask which
has the desired waveguide features. Subsequent development of the resist results in
the mask pattern being transferred onto the photoresist layer.

3. The sample is then etched using Ar' ion-beam milling with a current of 100 mA and a
voltage of 500 V.

4. After this, the resist is removed by solvents and plasma-ashing for 20 minutes with
RIE power of 200 W, pressure of 50 mTorr and O, flow rate of 10 sccm, which

removes any organic impurities present on the substrate.
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1. Resist spin

Hulml=

Film

Substrate |:> :;>

4. Resist removal 3. lon beam milling

Figure 3-1. lon-beam milling process to fabricate channel waveguides.

3.2.2.2 Reactive ion etching

RIE is a commonly used method for etching materials in the semiconductor industry and
it is a combination of chemical and physical etching. The masked substrate that needs to
be etched is placed on an electrode, which is inside a vacuum chamber filled with the
chemical reactants. An RF field is applied between the electrode and the chamber (which
acts as the ground), resulting in the formation of a plasma. This creates an electric field in
the chamber and the substrate becomes negatively charged. The positive ions in the
plasma are attracted towards the substrate and they collide with it, dissociate the chemical

bonds and thus etch the material.

This technique has previously been used to fabricate waveguides in both
Ti:sapphire [10] and Yb:KYW [11]. The advantages of RIE over physical processes like
ion-beam milling are that this process is more selective (between the etching of the
substrate and the mask) and gives nearly perpendicular side walls. A typical RIE process

for etching substrates is described below (and summarised in Figure 3-2):

1. A thin layer of metal mask (Chromium) is deposited on a substrate by e-beam
evaporation.
2. After which a layer of photoresist is spun on the sample.

3. The resist is then photolithography patterned to give rib features.
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4. The Cr layer is then wet etched to transfer the resist pattern onto the Cr layer.

5. The resist is removed by solvent cleaning.

6. The hard-masked substrates are then etched in an RIE chamber where the pattern
of the Cr mask is transferred on the substrate.

7. Following this, the Cr mask is chemically removed.

1. E-beam deposition of Chromium ; . 2. Resist spin
mask P
H | Resist |

Substrate I:> Substrate ::}

oo e HHe=P s

5. Resist removal | 4. Chromium etching 3. Photolithography

i i 7. Chromium mask

6. Reactive lon etching removal

___________________________________________________________

Figure 3-2. A typical RIE process to etch rib features in a substrate.

After the etching conditions were optimised on a bare substrate, the optimised conditions
were then used for etching the active layers to fabricate waveguides.

3.2.2.3 Ion-exchange

Ion-exchange is a well-established technique of directly fabricating low-loss channel
waveguides in glasses [12] as discussed in the previous chapter. The polished glass
samples, which are rich in sodium (Na") ions, are coated with an aluminium (Al) film by
e-beam evaporation, following which standard photolithography techniques are applied to
define channel openings widths in a photoresist layer deposited on top of the Al-film. The
Al film is then chemically etched and the resist mask is then removed. These metal
patterned samples are then immersed in a molten solution of salt containing both K" ions
and Ag' ions as discussed in the previous chapter. The Na' ions are exchanged with the

K" and Ag’, which increases the refractive index. The duration and time of the ion-



57

exchange determines the index contrast and the diffusion depth. The ion-exchange

process is outlined in Figure 3-3.

Al coating Photoresist coating Etching Al with Al etchant ﬂ
and patterning

o U 3o

{— =

Channel waveguides lon exchange Remove photoresist

Figure 3-3. An ion-exchange technique.

3.2.3 Polishing and characterisation of waveguides
After the waveguides were fabricated, they were end-polished to minimise
scattering losses off the end-facets and to define the monolithic laser cavity. The
waveguide samples were sequentially lapped by powdered Al,O; with particle sizes 9
pm, 3 um and 1 pm until no scratches were visible on the surface. Following the lapping
procedure, the waveguides were polished by a chemical (SF1) to optical quality i.e. such

that the waveguide features were clearly distinguishable under an optical microscope.

A non-contact profiler (Zescope from Zemetrics) was used for surface topography
and a scanning electron microscope (SEM) was used for qualitative analysis of the
waveguides. M-line measurements [13] were used for the measurement of the effective

indices of the propagation modes.

3.3 Laser Experiments
In this sub-section, various experimental details are presented. First, the experimental
setup used for continuous wave laser experiments is presented. Following which, three

different methods for loss estimation in waveguides: Caird plots, relaxation oscillation
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frequency measurements and transmission measurements are discussed. Finally, the

experimental setup for mode-locking experiments is presented.

3.3.1 Experimental setup for continuous-wave laser operation
The polished waveguide samples were mounted on copper blocks using silver paint to
enable a good thermal contact. The mounts were held on a 4-axis stage to optimise the
launch of the pump into the waveguide. The pump laser, which was either a Ti:sapphire
laser or a single-mode, fibre-coupled laser diode, was tuned to a wavelength that
coincided with the peak of the absorption of the rare-earth dopant. A mechanical chopper
was installed in the beam path to help observe when the laser action occurred by the
transition from the slow time-response of the fluorescence to the fast response of the
laser-action. A neutral density filter was used to vary the incident power on the
waveguide and a half-wave plate controlled the polarisation. An aspheric lens or a
microscope objective of the appropriate focal length was used to efficiently launch the
pump into the waveguide. Thin dielectric mirrors (thickness < 200 um) or bulk mirrors
were end-butted on the waveguide facets using fluorinated liquid (Sigma Aldrich, FC-70)
to form the laser cavity. A collimating lens or an objective was used to collimate the
output from the waveguide and a dichroic filter was used to separate the pump and the
laser wavelengths. The laser beam was then incident on various diagnostic tools to

characterise the performance of the waveguide.

e Coimatne
I objective )
Pump - Di«'.::lrir;?sstic
- Waveguide
Chopper Vartable 12 Dichroic
Filter
Neutral

. Input mirror i
Density p Output mirror . i

Filter
. Laser

Figure 3-4. Setup for CW lasing experiments.

The diagnostic tools included:

1. Power meter, to study the input-output power characteristics.
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2. Fibre—coupled optical spectrum analyser (OSA) to measure the laser spectral
characteristics. Alternatively, a fibre was placed on top of the waveguide and
connected to an OSA to measure the fluorescence spectra unaffected by re-absorption
for quasi-three-level laser systems such as Yb".

3. CMOS camera to capture and measure the mode profiles.

4. A mode profiler to measure the beam quality (M?).

5. Photodiode to measure the fluorescence lifetime.

When the laser diode was used as the pump source, a combination of a half wave
plate and optical isolator were additionally installed in the pump path to minimise

feedback into the laser diode from the waveguide.

3.3.2 Estimation of losses
For waveguide lasers, the estimation of propagation losses (L) is quite important; as they

are much higher than in bulk and can adversely affect the performance of the laser. In this

sub-section, three methods of estimating losses in waveguides have been discussed.

3.3.2.1 Caird plots
Waveguide losses for 4-level lasers are often determined via the Findlay-Clay method

[14]. In this method equation (2.54) can be rewritten as:
Pth = K(Lgor — InR) (3.1)

where, all the physical constants and spatial properties have been written as K, L;,; is the
round-trip loss including the re-absorption loss (for quasi-3-level systems) and the
propagation loss (Lgy) and R is the reflectivity of the output coupler. The threshold
powers can be plotted against —InR and the x-intercept gives the value of the total round-

trip propagation loss (excluding the output coupler loss).

However, for quasi-3-level lasers the total round-trip losses may be dominated by
the re-absorption loss making the determination of the propagation loss less accurate. A
more accurate method to calculate the propagation losses in a quasi-3-level laser is the

Caird plot method [15]. Equation (2.55) can be rearranged as:

1 1 L1
S S e 3.2
Ns Mo No T ( )

where, 1, is the intrinsic slope efficiency (the theoretical maximum efficiency) and L is

the percentage round-trip propagation loss. Plotting 1/ng vs. 1/ T allows the estimation of
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the propagation losses. This method has been used to calculate the propagation losses in
the following chapters. Using Findlay-Clay and Caird plots together, the re-absorption

losses can also be estimated.

3.3.2.2 Relaxation oscillations

An alternative method of calculating the total cavity loss can be derived from the
relaxation oscillations of the laser [16]. For a quasi-3-level waveguide laser with
fluorescence lifetime 7, doping concentration N, effective absorption cross section at the
laser wavelength o, refractive index n and speed of light ¢, the angular frequency of

relaxation oscillations w is given by:

Noc

w? = %(r -1+ (3.3)

)
where, 7 is the ratio of pump power to the threshold power (P/Py,) and cavity decay rate
(y.) of the laser cavity is the inverse of the photon cavity lifetime (z.) and is given by:

ye = £ (3.4)

 onl

p is the total loss including the mirror loss and [ is the length of the waveguide.

By plotting w? versus r — 1, the cavity decay constant can be determined from the slope

(m) of the linear fit to the data. Rearranging equation (3.3) gives:
Ye = MT —— (3.5)

The total propagation loss can be determined using equation (3.5) and (3.4) and then

subtracting the mirror loss.

3.3.2.3 Transmission measurements

For waveguides that did not lase, transmission measurements were used to give a rough
estimate of the propagation losses as well as the degree of absorption. The measurement
of absorbed powers in waveguides is difficult in comparison to bulk lasers due to the
uncertainty in launch efficiencies and the higher propagation losses in waveguides. In this
section a simple method to calculate the absorption, loss and launch efficiency from
transmission measurements is described. Two cases have been discussed: low-loss

waveguides and high-loss waveguides.
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a. Measurement of absorption in low-loss waveguides

In the case of a low loss waveguide, the loss is assumed to be negligible. The pump is
tuned at the absorption wavelength of the waveguide under test and launched into the
waveguide using a suitable objective (at low pump power) and the output power is
collected directly by a power meter (no output objective, see Figure 3-5). The
transmission (Tgy,;4¢) is given by equation 3.6 [4], assuming that only the core is doped

and that un-launched light passes through the substrate:
Tguide = TobjT,Fg(1 —n,4) (3.6)

where T, is the transmission of the objective, Tr is (1-Fresnel loss), 1, is the launch

efficiency and A is the absorption.

Input objective

/

\

\ Power meter
Half wave plate

———— Pump wavelength

Figure 3-5. Experimental setup to measure .4 for the low-loss case.

The pump is then allowed to pass through the substrate and the transmission (T) is given
by:

T = TopT7 (3.7)
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It is possible to calculate the product ;A from this method, and by assuming 100%

launch efficiency the lower limit on the absorption (A) can be calculated.
b. Measurement of loss, absorption and launch efficiency in high-loss waveguides

The previous approach assumes 100% launch efficiency and is only applicable for low-
loss waveguides and does not allow the estimation of propagation losses. When the losses
are unknown for a waveguide or a tuneable laser is available, it is preferable to modify

the above method as described below.

A similar experiment as described in the low-loss case is carried out and when the pump

is launched into the waveguide, Tyy;qe 18 modified as (assuming that the light which is

not launched into the waveguide propagates in the substrate only):
Tguide = TobjTlf?(nL(1 - A)(l - Ls) + (1 - 77L)) (3-8)

Where, L, is the percentage single-pass propagation loss. An output objective is installed
next and the non-guided light is spatially filtered and the transmitted power (Ty,) is

measured and is given by the following expression:

Tgo = TopmTF(1 — A)(A — Ly) (3.9)

Then the pump is tuned away from absorption and the spatially filtered output is

measured. The transmission (T,,) is given by:
Tga =T, b]nLT,?(l —Ly) (3.10)

Using equation 3.7 to 3.10 it is possible to evaluate A, L; and n;,. This is the least
accurate method of the three that have been described because of the high errors in the
estimation of each value. However, it is a useful experiment to carry out before lasing

experiments to get a rough estimate of the propagation losses.

3.3.3 Mode-locking experiments
For the mode-locking experiments, the setup described in section 3.3.1 was modified as

shown in Figure 3-6. A fibre-coupled laser diode (3S photonics) operating at either 974
nm or 981 nm was used as the pump source as all the mode-locked lasers reported in this
thesis are based on Yb*" or Er’",Yb’" doping. The pump was collimated by an aspheric

lens, after which a combination of a half-wave plate and an optical isolator was installed
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to protect the laser diode from power reflected from the waveguide. An aspheric lens was
used to couple the pump into the waveguide through an output-coupler mirror which had
>99% transmission at the pump wavelength. The waveguide cavity was terminated by a
SESAM, which was either directly end-butted to the waveguide using fluorinert or
aligned to the waveguide using a 5-axis stage. A dichroic mirror placed just before the
input lens reflects the waveguide laser output towards the diagnostic tools as shown in
Figure 3-6. There were two additional diagnostic tools that were used when compared to

CW experiments:

1. Autocorrelator, to measure the pulse duration.

2. Radio frequency spectrum analyser to measure the repetition-rates.

Diagnostic

Tools Laser

Diode

Dichroic mirror
Single-mode

Fibre

B—

= i f=8
/ WaVEguide'\f 11 mm Optical A2 mm

SESAM Isolator

Output - Laser
Coupler

Figure 3-6. Setup for mode-locking experiments.

3.4 Conclusions

In this chapter, all the experimental techniques relevant to this thesis have been discussed.
The growth of active layers by LPE was explained first, following which the procedure
for the patterning of the active film via RIE or ion-beam milling was summarised. Then
the ion-exchange technique for making channel waveguides directly in active glasses was

presented.
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The experimental setup for continuous-wave (CW) characterisation of waveguides
was presented next. In this section, three techniques for estimating propagation losses in
the waveguides: Caird plots, relaxation oscillations technique and transmission method
were discussed. Finally, the setup used for the mode-locking experiments carried out with

the Yb*"-doped IOG-1 Glass and Er’*,Yb*"-doped IOG-1 was presented.
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Chapter 4 Yb-doped waveguides

4.1 Introduction
In the previous chapters, the necessary background relevant for this project has been
presented. In this chapter, the results obtained with different Ytterbium (Yb*")-doped
waveguides are discussed. Mode-locking results obtained with Yb’*-doped phosphate
glass (IOG-1 Schott [1]) are discussed first, followed by the continuous wave (CW)
lasing and waveguiding results obtained with Yb:RTP, and finally by the lasing results
achieved with an inverted Yb:KYW rib waveguide laser.

42 Yb*:10G-1 glass
As discussed in 2.6.1.1, Yb:IOG-1 glass is a very promising candidate for the

development of mode-locked waveguide lasers owing to a broad emission bandwidth and

ease of fabrication of waveguides via ion-exchange.

4.2.1 Fabrication
The waveguides were fabricated by Dr. Pradeesh Kannan using a standard ion-exchange
technique discussed in 3.2.2.3. A 200-nm-thick layer of aluminium (Al) was deposited on
the polished Yb*":TOG-1 glass samples, following which a 1.3-um-thick photoresist layer
(S1813) was spin-coated onto them. Using photolithography, channel openings of widths
I um to 10 pm in steps of 0.2 pm were opened and the resist-masked samples were
chemically etched to transfer the photoresist mask into the metal layer. After removal of
the photoresist by solvents, the samples were immersed in a molten salt mixture
comprising of 45 mol% KNO; — 50 mol% NaNO; — 5 mol% AgNO; and kept at a
temperature of 325°C for 10 minutes in an ion-exchange furnace. The Na ions in the
glass mixture were exchanged with the K™ and the Ag" ions in the ion-exchange melt,
leading to a local increase in the refractive index. Next, the metal mask was chemically
removed and the glass samples were polished to lengths of 20 mm, 9.4 mm, 8 mm and
6.5 mm. The refractive index contrast at 632.8 nm was measured in a planar waveguide
fabricated with the same ion-exchange parameters using the prism-coupling technique
[2]. An index contrast of 0.066 with respect to the bare glass and a diffusion depth of 6.9
pm was calculated by fitting the expected ion-exchange refractive-index profile to the

measured mode indices [3].
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4.2.2 Experimental setup

The experimental setup was as shown schematically in Figure 3-6. The waveguides were
pumped by a single-mode, fibre-coupled laser diode from 3S photonics delivering a power
of up to 850 mW in the 980 nm absorption band of Yb:IOG-1. The output was collimated
by an aspheric lens of focal length 8 mm and was coupled into the waveguide through an
output coupling mirror (R=98% or R=96% at the lasing wavelength and R<0.1% at the
pump wavelength) by an aspheric lens with focal length 11 mm such that beam spot radius
of 4.4 um was made at the waveguide facet. After the 8-mm lens, a combination of a half-
wave plate and an optical isolator protected the laser diode from back reflections from the
waveguide. The waveguide cavity was completed by end-butting a high reflectivity (HR)
mirror on a thin substrate to the other end-facet of the waveguide for continuous wave
characterisation. A dichroic mirror at an angle of 30° to the incident pump beam,
transmitted >99% of the pump and reflected >97% of the laser beam. The reflected laser
beam off the dichroic mirror was then isolated by a combination of a half-wave plate and
an isolator and then coupled into a single-mode fibre, the output of which was split by a 3
dB coupler and fed into a spectrometer and a radio frequency (RF) spectrum analyser. A
flip mirror was placed before the coupling stage, which could be used to steer the beam to

an autocorrelator. The output power was measured before the isolator.
The CW characterisation was carried out with an HR mirror terminating the cavity
and the mode-locking experiments were carried out by replacing the HR mirror with a
SESAM (Batop GmbH, 0.4% modulation depth, 0.3% non-saturable losses, 0.5 ps
relaxation time, 90 pJ/cm’ saturation fluence). The SESAM was initially directly end-
butted onto the waveguide for the 5 GHz experiments [4] and then put on a copper block
for the 10 GHz, 12 GHz and 15 GHz experiments [5]. The copper block was mounted on
a 3-axis stage, to enable accurate control of the gap between the SESAM and the
waveguide facet. The gap was monitored by placing a x100 objective and a CCD camera
above the setup. Figure 4-1 shows a photograph of the waveguide laser cavity, the input

objective and the monitoring x100 objective.
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Figure 4-1. Photograph of the mode-locked waveguide laser.

4.2.3 Experimental results
In this section, the experimental results obtained with the 20-mm, 9.4-mm, 8-mm and
6.5-mm-long samples have been presented. The first set of experiments was carried out
with the 20-mm-long sample and the CW characterisation and beam characteristics have
been discussed in the first sub-section. The mode-locking results with the 9.4-mm-long,
8-mm-long and 6.5-mm-long waveguides have been discussed in the subsequent sub-

sections.

4.2.3.1 20-mm-long waveguide
The CW characterisation of the 20-mm-long sample was carried out using a cavity
formed by an HR mirror on one end and no output coupler (OC) on the other end. This is
effectively a 96% OC due to the 4% Fresnel reflection from the glass. The pump had a
central wavelength of 980.6 nm and a maximum output power of 750 mW. All the
waveguides were characterised to identify the waveguides with the highest output power.
Approximately 90 of the 100 fabricated guides were found to lase with the maximum
pump power. The ~10 waveguides that did not lase could have had some fabrication
imperfections. It was found that the waveguides fabricated using mask opening widths
between 2 um and 6 pm all had very similar performance. At an incident power of 608
mW, a maximum output power of 164 mW was measured giving a slope efficiency of

66.2%.
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A 2% OC was then put on a flexure mount and aligned with respect to the
waveguide to optimise the laser performance. A maximum output power of 108 mW and
a slope efficiency of 27.3% were observed. Finally, with a 4% OC, a maximum output
power of 156 mW and a slope efficiency of 31.5% were observed. The input-output
characteristics for all 3 cavities are shown in Figure 4-2. From the Caird analysis

described in section 3.3.2.1, the propagation losses were calculated to be <0.1 dB/cm.
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Figure 4-2. CW input-output characteristics of the 20-mm-long waveguide laser.

The collimated laser output was focussed by a 100-mm-focal-length lens on to a
beam profiler kept on a translation stage. The beam profiler was translated along the
propagation direction of the laser and the beam radii were measured at different positions
and were plotted against the position (Z). From these measurements the M? was
calculated [6] to be 1.05 in the horizontal (parallel to the plane of the waveguides)
direction (x) and 1.08 in the vertical directions (y) implying a nearly diffraction limited

beam. The M? measurements for both the directions are shown in Figure 4-3.
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Figure 4-3. M? measurements for (a) x-direction, and (b) y-direction directions with fit (red
lines) to the experimental data.

The lasing mode was then imaged onto a CCD camera using a x10 objective with
the result shown in Figure 4-4. The output was observed to be single mode with beam
diameters of 11.6 um in the x-direction and 7.6 um in the y-direction, which is in good
agreement with the theoretical values of 12.1 um and 7.1 pm in the x and y-direction
respectively (simulated using OlymplOs). This result corresponds to a mask opening

width of 5 um and only one mode is supported at the laser wavelength.

- -, g —

Figure 4-4. Image of the near-field laser mode on a CCD camera.

The HR mirror was then replaced by the SESAM for mode-locking experiments.
The SESAM was end-butted against the waveguide using fluorinated liquid (Fluorinert,
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FC-70, Sigma Aldrich) to hold it in place and a 2% OC was used at the other end of the
cavity. It was found that mode-locked operation could only be achieved by introducing
micrometre-scale gaps between the waveguide and the OC. No mode-locking was
observed when the OC was in direct contact with the waveguide. On increasing the gap, it
was found that for a small range of the separation, stable mode-locking was achieved. On
increasing the gap even further, the power decreased and mode-locking was lost. This is
attributed to the Gires-Tournois Interferometer (GTI) effect, which is discussed later. The
GTI effect introduces controllable group velocity dispersion (GVD) into the cavity and the
laser operates in the soliton mode-locking [7] regime.

The output power as a function of the incident power is shown in Figure 4-5. With the
2% OC, CW operation was observed up to a pump power of 183 mW (and an output power
of 7.7 mW). On increasing the pump power further, Q-switched mode-locking was
observed through characteristic multiple peaks on the RF spectrum up to a pump power of
344 mW. Beyond this pump power, stable and self-starting mode-locking was achieved.
Pure mode-locking was confirmed via the observation of a sharp peak in the RF spectrum
(Figure 4-6), measured with a resolution bandwidth (RBW) of 1 kHz and a span of 1 MHz.
The repetition-rate was measured to be 4.9 GHz.

The mode-locking threshold in terms of the output power was 19.7 mW, which
corresponds to a critical pulse energy (E), critin equation 2.59) of 0.2 nJ (within the cavity).
A maximum output power of 31.6 mW was obtained at a pump power of 505 mW. Beyond
this pump power, it was found that the RF spectrum became unstable, with multiple peaks
being observed possibly due to the onset of multi-pulsing. Stable mode-locking was
observed for output powers between 19.7 mW and 31.6 mW, with a corresponding slope

efficiency of 7.4% with respect to the incident power.
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Figure 4-5. Input-output characteristics for the mode-locked waveguide laser with a 2%

OC.
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Figure 4-6. The RF spectrum for the mode-locked waveguide laser (span = 1 MHz and
RBW =1 KHz).
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The RF spectrum, measured at a span of 30 GHz and a RBW of 1 MHz, is shown in

Figure 4-7 showing the fundamental frequency at 4.9 GHz and 5 harmonics.
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Figure 4-7. The RF spectrum for the mode-locked waveguide laser (span = 30 GHz and
RBW = 1 MHz).

The autocorrelation trace was measured at an output power of 30 mW and is shown in
Figure 4-8 (a). A good sech? fit to the experimental data was observed with a full-width-at-
half-maximum (FWHM) pulse width of 740 fs. The optical spectrum is shown in
Figure 4-8 (b) and it can be seen that the optical spectrum was centred on 1058.3 nm and
had a FWHM bandwidth of 2.3 nm. The time-bandwidth product was calculated to be 0.46,
which is larger than the ideal value of 0.315 for a bandwidth-limited sech’ pulse. The
bandwidth-limited value of pulse was 530 fs, suggesting that using external pulse

compression could lead to even shorter pulses.



75

1.04 1.04 .
1p=0.74 ps — Sach? fit AR=2.3 nm
5 081 AvAt=0.46 5 081 1.¢=1058.3 nm
!d pout=30 mW fU
31 0.6+ \ }: 0.64
B [ [
S 04- | \ G 044
20 1; \ (a) € v (b)
0.24 0.2
0‘0“ < 00 T T T T 1
] -4 -2 0 2 4 6 1040 1050 1060 1070 1080
Delay, ps Wavelength, nm

Figure 4-8. (a)Autocorrelation trace, and (b) optical spectrum measured at an output power
of 30 mW for the mode-locked waveguide laser.

Next, the 2% OC was replaced by a 4% OC to extract more output power. The input-
output characteristics for the laser are shown in Figure 4-9. CW operation was observed up
to an input pump power of 156 mW with a corresponding output power of 12 mW. When
the pump power was increased beyond 156 mW, Q-switched mode-locking was observed
until an input power of 236 mW and an output power of 35 mW. This corresponds to an
internal pulse energy of 0.18 nJ, which is consistent with the value of 0.2 nJ observed with
the 2% OC. This is as expected, because the critical pulse energy to overcome Q-switched
mode-locking is independent of the output coupler. Stable, self-starting mode-locking was
achieved beyond this pump power. A maximum power of 81 mW was achieved and the
slope efficiency for mode-locked operation was measured to be 27%. On increasing the
pump power, the RF spectrum became unstable possibly due to the onset of multi-pulsing.

It should be noted that the slope efficiencies obtained using SESAMs is lower than
those obtained during the CW characterisation (Figure 4-2). This can be explained by the
increased losses due to 1) the non-saturable losses of the SESAM and 2) the gap between

the mirror and the end-face.
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Figure 4-9.Input-output characteristics for the mode-locked waveguide laser with a 4% OC.

The autocorrelation trace and the output spectrum were measured at an output power of
81 mW and are shown in Figure 4-10 (a) and (b) respectively. A good fit to a sech” profile
was found with pulse duration of 800 fs. The optical spectrum was centred at a wavelength
of 1052 nm and had a FWHM bandwidth of 2.1 nm, giving a time-bandwidth product of
0.46.

Therefore it can be concluded that using a higher output coupler can be beneficial for
extracting more output power without significantly compromising on the pulse widths and

without increasing the time-bandwidth product.
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Figure 4-10. (a)Autocorrelation trace and (b) optical spectrum measured at an output
power of 81 mW for the mode-locked waveguide laser.
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4.2.3.2 9.4-mm-long waveguide
After the initial success with the 20-mm-long waveguide, and the discovery of the
importance of the gap on the performance of the mode-locked laser, the setup was
modified in order to precisely control the gap between the SESAM and the waveguide
facet and hence accurately control the GVD. For the 20-mm-long waveguide laser
experiments, the SESAM was end-butted directly onto the waveguide. However, for the
shorter samples it was placed on a copper mount, which was on a flexure stage that
allowed fine control over the separation between the SESAM and the waveguide. The
separation was monitored by a combination of a x100 objective and a CCD camera (as

was shown in Figure 4-1).

A 980.6-nm laser diode delivering 750 mW of output power was used for the
previous experiments and was also initially used for pumping the 9.4-mm-long
waveguide sample. The absorption within the waveguide was measured by launching the
pump into the waveguide and measuring the transmitted power with no mirrors attached.
The absorption was found to be relatively low for this shorter waveguide with a measured
pump transmission of ~8% (assuming a 100% launch efficiency) at lasing threshold as

seen from Figure 4-11.
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Figure 4-11. Transmission vs. Incident power for the 974 nm and 981 nm pumping.
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The pump was then replaced by a 973.4 nm laser diode, which was closer to the
peak of the absorption band and delivered similar incident power to the waveguide. Using
the 973.4 nm pump, a transmission of ~2% was measured at threshold power, as seen
from Figure 4-11. Therefore, 973.4 nm pumping was used for the 9.4-mm-long, 8-mm-

long and 6.5-mm-long waveguides.

Stable mode-locking was achieved at an output power of 60 mW and for a gap of
~41 pm between the SESAM and the waveguide using a 2% OC. A clean and sharp peak
was observed in the RF spectrum at a central frequency of 10.4 GHz, as seen in
Figure 4-12. Mode-locked operation was not as stable (with the RF spectrum fluctuating
between a single line and multiple lines) as that achieved for the 20-mm-long sample,
possibly due to competition between 1030 nm and 1045 nm wavelengths observed during

the laser operation.
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Figure 4-12. RF spectrum measured at an RBW of 10 kHz and a span of 10 MHz for the

9.4-mm-long mode-locked waveguide laser.

The autocorrelation trace is shown in Figure 4-13 (a) and was found to be a good fit to

a sech” pulse with a FWHM width of 757 fs. The optical spectrum was centred at 1041.4
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nm and had a FWHM bandwidth of 2.7 nm and is shown in Figure 4-13 (b). The time-

bandwidth product was calculated to be 0.56.
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Figure 4-13. (a)Autocorrelation trace, and (b) optical spectrum measured at an output
power of 60 mW for the mode-locked waveguide laser.

4.2.3.3

8-mm-long waveguide

Stable mode-locking was achieved with a gap of ~26 um between the SESAM and the

waveguide facet for the 8-mm-long waveguide laser at an output power of 45 mW using a

2% OC. The RF spectrum is shown in Figure 4-14 and a sharp peak is observed at a

repetition-rate of 12 GHz.
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Figure 4-14. RF spectrum measured at an RBW of 10 kHz and a span of 10 MHz for the 8-

mm-long mode-locked waveguide laser.
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A pulse width of 824 fs was measured from the autocorrelation trace (Figure 4-15
(a)) and the central wavelength was measured to be 1045.7 nm (Figure 4-15 (b)) with a
spectral bandwidth of 1.9 nm giving a time-bandwidth product of 0.43.
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Figure 4-15. (a)Autocorrelation trace, and (b) optical spectrum measured at an output

power of 45 mW for the mode-locked waveguide laser.

4.2.3.4 6.5-mm-long waveguide

Stable mode-locking was achieved with a gap of ~26 um between the SESAM and the
waveguide facet for the 6.5-mm-long waveguide laser at an output power of 27 mW
using a 2% OC. The RF spectrum is shown in Figure 4-16 and it can be seen that a sharp

peak was observed at a repetition-rate of 15.2 GHz.
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Figure 4-16. RF spectrum measured at an RBW of 10 kHz and a span of 10 MHz for the

6.5-mm-long mode-locked waveguide laser.
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The autocorrelation trace and the optical spectrum are shown in Figure 4-17. The

pulse width was found to be 811 fs and the optical spectrum had a bandwidth of 2.1 nm

and was centred at 1047.4 nm. The time-bandwidth product was calculated to be 0.49.
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Figure 4-17. (a)Autocorrelation trace, and (b) optical spectrum measured at an output

power of 27 mW for the mode-locked waveguide laser.

A photograph of the SESAM and the waveguide taken from the combination of the
x100 objective and the CCD camera is shown in Figure 4-18. The gap between the two

end-facets can be clearly discerned.

Waveguide

Figure 4-18. A photograph showing the gap of ~20 um between the SESAM and the
waveguide end-facet.
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A summary of the results obtained for different waveguide samples using a 2% OC is

shown in Table 4-1.

Table 4-1.Summary of the mode-locked results

Sample | Repetition- Pulse Center Time- Output
length rate (GHz) | Duration | wavelength | bandwidth power
(mm) (fs) (nm) product (mw)
20 4.9 738 1058.3 0.46 32
9.4 10.4 757 1041.4 0.56 60
8 12 824 1045.7 0.43 45
6.5 15.2 811 1047.4 0.49 27

4.2.4 GTI effect
The low-threshold mode-locking and sub-picosecond pulse generation from our
waveguide lasers can be attributed to a soliton formation mechanism, i.e. when the pulse
phase shift due to self-phase modulation (SPM) in the gain medium is compensated by
negative GVD. Indeed, stable mode-locking was observed at intra-cavity pulse energies
in the range of 0.1-0.3 nJ, which are considerably lower than the calculated critical pulse
energy of ~3.6 nJ (from equation 2.59) required to overcome Q-switching instabilities in

the case of a non-soliton mode-locking regime [8].

The required negative GVD in our experiments originates from the micrometre-
scale gaps between the SESAM and uncoated surfaces of the waveguide structure.
Similar effects are also observed when the gap between the waveguide and the output
coupler is controlled. This leads to the formation of equivalent GTI structures [9] that
provide a sufficient amount of negative GVD suitable to support a soliton mode-locking
regime, as was previously shown in the case of a bulk laser system [10]. The group delay
dispersion (GDD) is the GVD multiplied by the length and is a function of t, which is the
round-trip time for light in the gap (which depends on the size of the gap (d) and the
refractive index (n)), the optical frequency w, and the reflectivity of the waveguide R.
The GDD is given by the following expression [11]:

2VR(1-R) sin(wty) 2 2nd

GDD = — t5, to = — 4.1
[1+R—2\/§cos((ut0)]2 0> "0 c (4.1)
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The GDD vs. the gap has been plotted for a wavelength of 1058 nm in Figure 4-19.
for different n (1 for an air—filled gap and 1.3 for fluorinert-filled gap) and a zoomed-in
plot for gaps between 20 um and 30 um has been shown in Figure 4-20. As seen from
Figure 4-19 and Figure 4-20, it is possible to introduce dispersion in excess of -7000fs>
by increasing the gap to about ~30 pum. It should be noted, however, that the value of the
GDD depends very sensitively on the GTI gap (~80 fs*nm) and, although, a precise
control of the gaps was provided, it was not possible to fully balance the second order
dispersion and the self-phase modulation, which explains the generation of slightly
chirped pulses. It should also be noted that, as the gap is increased, the loss due to

diffraction in free space also grows quickly.
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Figure 4-19. GDD vs. d for n=1 and n=1.3.
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Figure 4-20. GDD vs. d for n=1 and n=1.3 for a gap between 20 um and 30 um.

During soliton mode-locking, the phase shift due to self-phase modulation is

balanced by the phase shift due to dispersion and is given by [12]:

4t T2

where § is the nonlinear coefficient, Ep is the pulse energy, D is the GDD and 7 is 0.56
times the pulse duration measured at full width at half maximum (FWHM). From (4.2),
the net GDD was estimated to be around -6200 fs* for the 20-mm-long-waveguide cavity
with = 178 urad/W , Ep = 0.33nJ and t = 420 fs. The material dispersion in the
cavity was calculated to be 920 fs” and so the estimated contribution from the GTI effect
is -7120 fs®. Using the modified equation (equation (2.60)) for the critical pulse energy in
the soliton mode-locking case, the measured pulse energies are in good agreement with

the calculated value of 0.095 nJ.

GDD vs. the wavelength has been plotted in Figure 4-21 for a gap of 26 um. This
shows that it might be possible for the wavelength to tune itself in order to get the correct

dispersion in order to facilitate soliton mode-locking.
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Figure 4-21. GDD vs. wavelength for different n for a gap of 26 um.

43 Yb*:RbTiOPO,

In the previous sub-section, mode-locking results achieved with ytterbium-doped
phosphate glasses were discussed. In this section, RbTiOPO,4 (RTP) is investigated as a
promising material for both non-linear applications and, when doped with Yb** for
ultrafast waveguide laser operation. In this sub-section, the fabrication details of the RTP
substrates and the epitaxial layers of (Yb,Nb):RTP are discussed. Preliminary laser results
obtained with an (Yb,Nb):RTP planar waveguide are also presented. Finally, channel
waveguides in (Yb,Nb):RTP fabricated by reactive ion-etching and ion-beam milling are

discussed.

4.3.1 RTP crystal growth and LPE of (Yb,Nb):RTP
The RTP crystals used as substrates were grown at URV, Tarragona inside a tubular
furnace [13] using the top-seeded solution growth method (TSSG). The super-saturation
of the solution was obtained by slow cooling. An RTP seed parallel to the c-
crystallographic direction was used as this is the optimum orientation for the growth of
high-quality RTP crystals. From these crystals it is possible to obtain substrates in the ab
plane, which is of interest for the non-critical phase matching (type-II) second harmonic
generation (SHG) [14] of fundamental radiation near 1 um, corresponding to the
emission wavelength of Yb’". All the substrates were cut perpendicular to the c-

crystallographic axis and the surfaces were polished in preparation for epitaxial growth.
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LPE growth of an (Yb,Nb):RTP thin film was carried out at URV, Tarragona in a
furnace with a solution having composition of Rb,O — P,Os — (TiO; + Nb,Os + Yb,03) —
WO; with concentration of 43.90-23.6-22.50-10.00 (mol1%) respectively. The TiO; in the
solution was partially substituted by 2 mol% Nb,Os and 6 mol% Yb,0Os3. Nb,Os is added
to facilitate a higher concentration of Yb>" via charge-compensation [15]. After the
homogenisation of the solution, the saturation temperature was measured to be 1135 K.
Next, the RTP substrates were slowly lowered into the furnace in order to minimise
cracks due to thermal stress. The substrates were immersed into the solution and kept at a
temperature of 1 K above the saturation temperature for 5 minutes to dissolve the outer
region of the crystal. The temperature of the solution was then decreased to 9 K below the
saturation temperature to super-saturate the solution and to allow stress-free epitaxial
growth. The substrates were stirred at 60 rpm using a motor, and growth was allowed to

occur for 6 hours.

The obtained epitaxial layers were studied at URV, Tarragona using a Sensofar
PLp 2300 interferometric microscope to measure the film thickness, which was initially
70 um and then polished to a uniform thickness of either 10 um for the planar waveguide
or 5-6 um for the channel waveguides. The composition of the epitaxial layer was
determined by electron probe micro-analysis with a wavelength dispersive spectrometer
(EPMA-WDS), using a Cameca SX-50 microprobe analyzer and the concentration of
Yb’" in the epitaxial layer was found to be 0.33 at.%, which corresponds to an Yb>"
concentration of 2x10?° cm™. The refractive index contrast in TM polarisation (E//c-axis)
was measured at URV, Tarragona and was found to be 6x107 at a wavelength of 972 nm
(from a Ti:sapphire laser) by the prism-coupling technique and the indices for the
different crystallographic axes are shown in Table 4-2. The epitaxial layer was confirmed

to be single-crystalline from X-ray diffraction measurements.

Table 4-2. Refractive indices of the substrate and the film.

nx(E//a) ny(E//b) n, (E//c)
substrate (Ngyb) 1.7675 1.7774 1.8573
film (i) 1.7649 1.7778 1.8631
An (Nfim-Ngyb) -0.0026 0.0004 0.0058
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4.3.2 Planar waveguide laser
For the planar waveguide experiments, a 10-um-thick layer of (Yb,Nb):RTP was grown
on the RTP substrate and the device was polished to a length of 6 mm as shown
schematically in Figure 4-22. At 1 pum, this waveguide supports 3 modes for the E//c

polarisation.

) Lasing axis

=
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S |
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4

Figure 4-22. The dimensions of the (Yb,Nb):RTP waveguide.

6 mm

The waveguide was pumped with a Ti:sapphire laser tuned to 900 nm with E//c
(TM), as the absorption was highest for this configuration. The pump was focused with a
x10 objective to a spot size with a radius of 3 um. The values of absorption (4), single-
pass loss (L;) and launch efficiency (77;,) were measured to be 0.66, 0.11 (or 0.8 dB/cm)
and 0.9 respectively using the method described in section 3.3.2.3 (b). Thin dielectric
mirrors were then butted directly onto the waveguide end-faces to form the laser cavity.
Using an optical chopper the characteristic rise and decay of the fluorescence intensity
(with lifetime ~2 ms) was monitored on a photodiode. On increasing the pump power, a
fast and very strong increase in intensity indicated the point at which laser threshold had
been achieved. Lasing was achieved on the TM mode for an HR/HR cavity with an
absorbed power of 276 mW. This is just at the limit of capability of the Ti:sapphire laser
system and therefore slope efficiency laser measurements were not possible. Pumping
with single-emitter laser diodes with power up to 10 W will be of interest in the future.

The calculated gain for total inversion is 0.69 cm™ (total doping concentration times the
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emission cross-section at the lasing wavelength) whereas the measured loss is 0.19 cm™,
hence the condition of gain > loss is only just satisfied. The gain is low in this material
because of the low-doping concentration of Yb’" during the epitaxial growth [13].
Therefore, it is important to produce (Yb,Nb):RTP films with even lower losses for

efficient laser applications.

4.3.3 Channel waveguides by ion-beam milling
After these preliminary results with a planar waveguide, channel waveguides were
fabricated in 5-um-thick (Yb,Nb):RTP layer using ion-beam milling [16] in an attempt to

reduce the threshold power.

4.3.3.1 Fabrication details

The sample was included in glue on a glass slide in order to remove any edge effects for
the following photolithographic process. A 4-um-thick layer of S1828 resist was spin-
coated onto the sample before masking and subsequent development. A dark-field mask
was used with waveguide widths from 3 um to 10 pm, with a separation of 100 pum
between them. The dark-field mask channels were carefully aligned along the a
crystallographic direction in order to produce ribs on the substrate parallel to this direction.
As can be seen in Table 4-2, the refractive index contrast between the doped layer and the
un-doped substrate is positive for the b and c-polarisations and negative for the a-
polarisation. Thus, guiding is possible in TM and TE regimes along a, but only in TM
along b. The etching process was carried out in an Oxford Plasma Technology Ionfab 300
Plus system. The masked sample was held at 45° and rotated at 5 rpm during the process.
An Ar’ ion-beam was accelerated at 500 V with a beam current of 100 mA. This beam
etched the sample for 2 hours and 20 minutes to etch 3-um-high ribs in the film. The resist
was then removed by acetone and isopropanol followed by plasma-ashing.

A Sensofar PLu 2300 optical imaging profiler was used to check the quality of the
ribs. With this microscope the top widths of the ribs were measured to be in the range from
3 um to 10 pm in agreement with the values of the mask used. The profile of the ribs was
studied using a non-contact profiler (Zescope by Zemetrics). Figure 4-23 shows a 3-d
image of a rib waveguide giving a qualitative idea of the smoothness of the etched side-

walls.
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Figure 4-23. A 3-d profile of the etched waveguide measured by a non-contact profiler.
Inset: 2-d profile of the waveguide.

The etch depth was 2.9 um (resulting in an etch rate of 16.4 nm/min) as can be seen
from the inset of Figure 4-23. It is important to note that the shape of the rib is not
rectangular, but is trapezoidal. The end-faces of the waveguides were then polished with
the sample sandwiched between two glass blocks to protect the edges. After polishing the
end faces, the width of the rib base was found to be 4 pm larger than the width at the top,
indicating that the slope of the rib walls was 56°. Figure 4-24 is a general view of the ribs

in a top view regime using a scanning electron microscope (SEM) at URV Tarragona.

Figure 4-24. General top view of the rib waveguides by Scanning Electron Microscope
(SEM).



90

In a more detailed view, Figure 4-25 shows ribs of 9 um in width and the good

quality of the rib walls is qualitatively confirmed.

mag WD [
1722%(103 mm 2000 kV|LFD | Le

Figure 4-25. Detailed view of the 9-um nominal-width rib waveguide by SEM, with the
cross-section view in inset.

4.3.3.2 Optical characterisation
A x10 objective microscope was used to couple the Ti:sapphire laser, operating at a
wavelength of 900 nm, into the rib waveguide making a spot-size of 3 um. The near-field
pattern was measured in order to understand the energy distribution of the propagation
modes for the pump wavelength. An output objective was used after the waveguide to
image the waveguide mode on to a CCD camera. Figure 4-26 shows the near-field pattern

of the rib with a 10 pm top-width.

um 9'9

Figure 4-26. Near Field Pattern (NFP) of the fundamental mode at 900 nm for the 10 um
top-width rib
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As expected, the mode is asymmetric, with Gaussian profiles with 1/e* beam radii
of 8.7 um and 3.3 um in the x and y-directions, respectively. Numerical modelling carried
out using OlymplOs for the trapezoidal features resulted in 1/¢* beam radii of 7.4 um and
2.2 pm in the x and y-direction respectively for the TMyy mode. The transmission losses
were estimated to be ~3 dB/cm using the transmission method described in 3.3.2.3 (b). The
second harmonic generation (SHG) inside the rib waveguide was checked at URV,
Tarragona using a pulsed laser at 1140 nm from an optical parametric oscillator (OPO)
(Vibrant HE 355 II + UV model from Opotech) coupled to the rib waveguides by a
microscope objective. The OPO was tuned to obtain maximum efficiency of SHG for
propagation along the a crystallographic direction. An achromatic half-wave plate was
placed between the laser source and the sample at an angle of 22.5° to ensure that the TM
and TE modes were excited simultaneously, which is required for type II SHG. The guided
green light at 570 nm, obtained exclusively inside the channels, was imaged onto a CCD

camera and is showed in Figure 4-27.
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Figure 4-27. (a). CCD image of 570 nm green light from type 11 SHG of 1140 nm IR light
and (b). Spectrum of the SHG light.



92

Unfortunately, experiments aimed at achieving laser performance in these
waveguides were unsuccessful, which is consistent with the estimated high values of

propagation loss.

4.3.4 Channel waveguides by reactive ion etching
Since laser action could not be achieved with channel waveguides fabricated by ion-beam
milling, an alternative technique to pattern the waveguides i.e. reactive ion etching (RIE)
was employed to try and reduce the propagation losses. This section describes the
optimisation technique and the optical characterisation results of the waveguide. The effect
of the RIE parameters on the etch rate and the surface roughness were systematically
studied in order to optimise the etching process in RTP substrates and to thus fabricate
low-loss channel waveguides in (Yb,Nb):RTP [17]. RTP substrates and one
Yb,Nb:RTP/RTP planar waveguide were obtained from URYV, Tarragona. All the

optimisation and characterisation were carried out by the author.

4.3.4.1 Fabrication details

A 300-nm-thick uniform layer of chromium (Cr) was deposited on the RTP substrates
using e-beam evaporation, following which a 1.3 um layer of S1813 photoresist was
patterned using photolithography to make a mask consisting of waveguide features of
widths ranging from 1 pm to 10 um in steps of 0.2 um. The Cr layer was then etched using
a chemical etchant and the resist was washed away using solvents. The hard-masked RTP
substrates were then etched in an OPT Plasmalab 80 plus RIE system (Oxford Instruments)
with an RF frequency of 13.56 MHz. Finally, the metal mask was chemically etched and
the substrate was cleaned with solvents.

The RF power, the gas pressure and the ratio of the gases used (Ar and SF¢) were
the three parameters that were varied during RIE. The starting parameters were chosen as:
RF power of 250 W, a pressure of 50 mTorr, a total gas flow rate of 20 sccm and a gas
ratio of 90:10::SFs:Ar. The temperature was kept fixed at 20°C for all the experiments.

There is a lack of literature on the dry etching of RTP, but halides are known to
form volatile compounds with KTP [18]. Since RTP and KTP are from the same family of
crystals, with the K" ions replaced by the Rb" ions in RTP, fluoride gases were used as
etching species in the experiments described here. The fluoride gas chosen was SF¢ as it
provides more free fluorine radicals [19] in comparison to the other available fluoride gas,

CHF;. Ar is an inert gas and is used to bombard the surface thus making the etching
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process more physical. As a starting parameter, 90% SFg in the gas mixture was chosen to
have a predominantly chemical etching process. The percentage of SF¢ in the gas mixture
was varied from 90% to 10% to study the interplay between the physical and the chemical
etching processes. The RF power, gas pressure and the gas ratios were then systematically
varied to study their influence on surface roughness and the etch rate. The measured RMS
surface roughness of the substrates before etching varied from 2 nm up to 5 nm from
sample to sample; hence the change in the RMS surface roughness (after etching-before

etching), as opposed to the absolute values, is presented in the next sub-section.

4.3.4.2 Optimisation procedure
With the gas pressure kept constant at 50 mTorr, the SFe: Ar concentration ratio set at 90:10
and an etch time of 40 minutes, the etch rate for RTP, etch rate for the Cr mask and the
surface roughness as a function of RF power is presented in Figure 4-28. It can be seen that
the etch rate increases almost linearly with power, with an etch rate of up to 13 nm/min
being obtained at an RF power of 350 W. The RMS surface roughness also increases as a
function of RF power and a value of 3.4 nm is measured at 350 W. A good balance
between the surface roughness and the etch rate was achieved for a power of 250 W and

hence this power was fixed for the following experiments.
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Figure 4-28. Etch rate of RTP (blue), etch rate of Cr (red) and the surface roughness (black)
as a function of RF power.
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At a fixed RF power of 250 W (from the previous optimisation) and a 90% SF¢ gas
mixture, the etch rates and surface roughness were then measured as a function of the gas
pressure, with the results plotted in Figure 4-29. It can be seen that the RTP etch rate
decreases with the increasing pressure. This can be understood by the increased scattering
of the etching species with pressure and a subsequent decrease in the mean free path for the
radicals [20] resulting in a loss of kinetic energy. At a pressure of 50 mTorr, an etch rate of
8 nm/min and a surface roughness of 1.6 nm were observed. A pressure of 50 mTorr was

then set as a balance between the etch rate and surface roughness.
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Figure 4-29. Etch rate of RTP (blue), etch rate of Cr (red) and the surface roughness (black)
as a function of gas pressure.

At a power of 250 W and a gas pressure of 50 mTorr, the percentage of SF¢ in the gas
chamber was varied. The results obtained for the etch rates and surface roughness are

presented in Figure 4-30.
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Figure 4-30. Etch rate of RTP (blue), etch rate of Cr (red) and the surface roughness (black)
as a function of percentage of SF; in the gas mixture.

At low SF¢ concentrations and high Ar concentration, the etch rate of RTP is as high as
16 nm/min for 10% SFs. However, the surface roughness is quite high (3.4 nm). This is
primarily a physical etching process and a lot of the material is etched and sputtered by the
Ar" ions, thus increasing the surface roughness. At high SF4 concentrations, the etch rate is
found to decrease whereas the surface roughness is found to increase slightly. An optimum
for the surface roughness is reached with 50% SF¢ in the gas mixture. At 50% SFg, the etch
rate is about 8 nm/min and the surface roughness is <1 nm.

The selectivity (ratio of etch rates of RTP to chromium) was found to be greater than 5
for almost all the conditions. This facilitated the use of thin Cr layers (~300 nm) as masks
for etching the waveguides.

The DC bias of the RIE chamber is a process-dependent parameter. For each
measurement described above, the DC bias was measured and the etch rate of RTP and Cr
versus the DC bias are plotted in Figure 4-31. It is important to note that all the data points
do not have the same conditions, however the linear behaviour of the etch rate shows
consistency in the plasma condition against the gas ratio, pressure and RF power. As seen
from Figure 4-28, Figure 4-29 and Figure 4-30, an etch rate of 8-10 nm/min gives a good
balance between etch rate and surface roughness, this corresponds to a DC bias of around -

300V as seen from Figure 4-31.
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Figure 4-31. The etch rate of RTP (blue) and Cr (red) as a function of the measured DC
bias.

4.3.4.3 Fabrication of waveguides
The optimised conditions discussed in the previous sub-section were used to fabricate
waveguides along the b-direction in an (Yb,Nb):RTP epitaxial layer with a thickness of 6
pm. The parameters used were: RF power of 250 W, gas pressure of 40 mTorr and gas
flow rates of 10 sccm for both SFsand Ar (i.e an SF¢ concentration of 50%). The pressure
was slightly reduced from 50 mTorr to 40 mTorr, to increase the etch rate without
compromising on the surface roughness. The sample was etched for 135 minutes in order
to fabricate single-mode waveguides in (Yb,Nb):RTP for propagation of light at
wavelengths of 1 um. Next, this waveguide sample was polished to a length of 7.5 mm.
Following the polishing step, the sample was kept in acetone for 15 minutes in an
ultrasonic bath followed by isopropanol and finally de-ionized (DI) water, also for 15
minutes each. To remove any residual water and moisture, the sample was blow-dried with
N, and finally dehydrated in an oven at 90°C for 10 minutes. The mask was removed by
chemical etching, after which the sample was plasma-ashed in the RIE chamber for 20
minutes with an RIE power of 200 W, a pressure of 50 mTorr and O, flow rate of 10 sccm,
which removed any organic impurities present on the waveguides. The SEM image of the

end-facet of the waveguide is shown in Figure 4-32.
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Figure 4-32. SEM image of the end-facet of the waveguide. Inset: a zoomed-in image of a
waveguide.

The etch depth was measured, by a stylus profiler and from SEM measurements to
be 1.44+0.1 pum, thus giving an etch rate of 10 nm/min. The surface roughness of the film
before etching was measured to be 3+0.5 nm and increased to 8+0.5 nm after etching. This
is slightly higher than what was expected from the values obtained during the optimisation,
which could be understood by the fact that the film has a slightly different composition
when compared to the substrate and the fact that a longer etch time was used. From
Figure 4-32, it can be seen that for a waveguide with a top width of 9.8 um, a side-wall
angle of 63° is measured. Figure 4-33 shows the top-view and the side-view of the
waveguides, qualitatively suggesting a reasonable etch quality and smooth side-walls,

respectively.
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Figure 4-33 (a) Top-view of the etched waveguide sample and (b) SEM image taken by
tilting the sample by 70° to show the side-wall quality.

The surface profile of the planar region and the ribs measured by a white-light
interferometer profiler (Zescope by Zemetrics) is shown in Figure 4-34. It again appears

that the surface quality is good, barring a few spikes.
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Figure 4-34. Surface profile of (a) an etched planar region and (b) a region with etched ribs.

4.3.4.4 Optical characterisation

The (Yb:Nb):RTP waveguide fabricated by RIE was optically characterised by end-
coupling a fibre-coupled single-mode laser diode (3S photonics). The laser diode had a
maximum output power of 750 mW and a wavelength of 980.6 nm, with a 3 dB spectral
bandwidth of 1 nm. The pump beam was collimated using a lens with a focal length of 8
mm and was passed through a half-wave (A/2) plate to control the polarisation. The pump
was then coupled into the waveguide using a x16 objective resulting in a beam with a waist
radius of 3.2 um. The output from the waveguide was collected using a x6 objective and
imaged on to a camera to measure the mode profile. The losses were estimated by
measuring the transmitted pump power using a thermal power meter and comparing it to
the incident light as described in section 3.3.2.3.

The waveguide structure is designed to be single mode at 981 nm and the simulated
and measured TM profile is shown in Figure 4-35. The 1/e* mode radii were measured to
be 7.9 um and 4.3 pum in the x and y-directions respectively. This is in good correlation
with the simulated values of 7.6 um and 3.4 pum (simulated by a commercially available
software OlymplOs).

The transmission was measured at various levels of pump powers and the losses were
estimated to be <3.5 dB/cm for the E//c crystallographic axis (TM).

On rotating the polarisation, the losses increased to >10 dB/cm for TE polarisation.

This is consistent with the fact that the index contrast is negative for this polarisation as
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seen from Table 4-2 (E//a). It should be noted that in this configuration, the spectroscopy
of (Yb,Nb):RTP means that TM is the preferred polarisation for lasing [21]. The loss for
the TE polarisation would have to be further reduced before these waveguides can be used
for self-frequency doubling applications.

Once again, experiments aimed at demonstrating laser action were performed but
without success. Thus, despite successfully making channel waveguides, the propagation

losses were again too high to allow laser operation in this low-gain material.

Figure 4-35.a: Simulation of the mode profile in an 8 um wide (Yb,Nb):RTP rib waveguide
at a wavelength of 0.98 um. b: Measured near-field mode profile for the RIE etched
waveguide.

4.3.5 Summary
In this section various (Yb,Nb):RTP waveguides, fabricated using different techniques
were discussed. However, the propagation losses could not be reduced enough to support
laser action. Therefore, this material was not pursued any further for mode-locking

experiments.

4.4  Yb*:KY(WO,),
As discussed in chapter 2, potassium double tungstates KY(WO,), or KYW, when doped

with Yb®" have a very broad emission bandwidth and are very promising for ultrafast
applications around 1030 nm. There have also been recent reports of a Yb:KYW planar
waveguide laser co-doped with Gd** and Lu’", operating as a pure 3-level system at the
zero—phonon line at 981 nm [22] with a threshold power of 75 mW and a channel

waveguide laser operating around 981 nm with an output power of 11 mW [23].

In this section, mirrorless lasing at 981 in an Yb,Gd,Lu:KYW laser with a very low

threshold power of 23 mW is discussed [24]. The waveguides were fabricated in an
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“inverted-rib waveguide” geometry, with the substrate being etched and then overgrown
with the active layer. The initial aim of these experiments was to realise a low-loss
waveguide laser operating around 1030 nm, however due to the high propagation losses,

the high-gain 981 nm laser operation was preferred.

4.4.1 Fabrication details
Substrates for the liquid-phase-epitaxy (LPE) growth were obtained (from URV

Tarragona) from KYW bulk crystals grown by the top-seeded-solution-growth slow-
cooling (TSSG-sc) technique in a vertical tubular furnace. The solute/solvent ratio was 12
mol% KY(WOy), / 88 mol% K,W,0;. The analytical grade purity (99.99%) powder
precursors were melted inside a cylindrical platinum crucible (~125 cm®). The 300-g
solution was homogenized by keeping the temperature 10 K above the expected
saturation temperature T, for 6 hours. Ty was accurately determined by using a b-
oriented KYW crystal seed placed in contact with the surface of the solution, rotating at
42 rpm, and by controlling its dissolution or growth with a precision of 10 pum. Thus T,
was established as the temperature at which neither dissolution nor growth of the crystal
seed could be observed. The KYW bulk crystal started to grow from the seed in contact
with the surface of the solution by slow cooling (0.15 K/hour) from Ts down to ~ 30 K
below Ts. Once the cooling ramp was over, the grown crystal was slowly extracted from
the supersaturated solution (at 0.1 mm/min) and held slightly above the surface of the
solution to avoid cracking due to thermal shocks. Finally, the furnace was cooled at a rate
of 20 K/hour down to room temperature. The as-grown KYW crystal was then cut in
slices perpendicular to the b-crystallographic direction, with typical dimensions (10mm x

2.5mm x 25 mm) and polished to high quality.

The patterning of the substrate was carried out by the author at the Integrated
Photonics Cleanroom (IPC) at the University of Southampton. A photoresist (S1828)
layer was spun on the substrate, which was then photolithographically patterned by UV
exposure and consequent development of the mask. The mask transferred onto the
substrate was a dark-field mask with openings of widths 3 um-10 um in steps of 0.2 pm.
This was then etched by ion-beam milling in an Ionfab 300 Plus Ion-beam system using
inert Ar" ions. The sample was etched for 4 hours and 30 minutes with a current of 100
mA and a voltage of 500 V. The resist was then removed by solvents and plasma-ashing
in an OPT Plasmalab 80 Plus Reactive Ion Etcher. The processing steps are shown in

Figure 4-36.
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Figure 4-36. The etching steps of the KYW substrate.

The etch depth was measured by KLA Tencor P-16 Stylus Profiler and was found
to be to be 5 um as shown in Figure 4-37. The resulting grooves, fabricated parallel to the
N, optical direction, were used as the basis for growth of inverted rib waveguide

structures, as described below.
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Figure 4-37. 2-d Profile of the etched KYW substrate

A KYW layer substituted with 18 mol% Gd, 25 mol% Lu and activated with 3
mol% Yb was grown over the microstructured KYW substrate by LPE [25], at URV
Tarragona. Gd was introduced into the KYW matrix in order to increase the refractive
index with respect to the substrate and Lu was added in compensation, to match the
lattice parameter of the layer structure to that of the substrate [26]. In this case, 80 g of
solution in the solute/solvent ratio 7 mol% KY(WO,),/93 mol% K,W,0; were mixed

inside a cylindrical platinum crucible (~50 cm®). After homogenisation, the saturation
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temperature Ts was determined in the same way as for the KYW bulk crystals. The
substrate was vertically dipped into the solution at 1 K above Ts over a period of 5
minutes with the aim of inducing dissolution of its surface and hence avoiding the
introduction of defects in the subsequent layer growth. The epitaxial growth of the layer
started on decreasing the temperature of the solution 3 K below T and finished 3 hours
later by holding the substrate with the grown layer at 1 mm above the surface of the
solution. The furnace was cooled down to room temperature at 15 K/hour. The layer had
a thickness of 50 pm, measured with respect to the surface not exposed to the Ar -
milling. The epitaxial layer grown over the etched face of the substrate was polished
down to a thickness of <lpm. A KYW cladding layer was then grown over the channels
by LPE, following the same procedure as for the doped layer. The growth of the active

layer and cladding layer is summarised in Figure 4-38.

Grow Yb,Gd,Lu:KYW on

patterned KYW substrate Yb - 3mol%
Yb,Gd, Lu:KYW Gd - 18 mol%
KYW (Substrate) Lu - 25 mol%

4

Surface polish to desired

thickness.
<€—Yb,Gd,Lu:KYW
KYW (Substrate)
Grow KYW film
KYW (Clad)
Yb,Gd, Lu:KYW

KYW (substrate)

Figure 4-38. Growth of the active layer and the cladding layer.

The sample was then cut perpendicular to the N, optical direction in such a way
that light could be coupled into the inverted ribs either polarized horizontally (E//N,,) or
vertically (E//N,) whilst propagating parallel to N,. The sample was then polished to a
length of 3 mm. Figure 4-39 shows the SEM image of the end face of the waveguide. It
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can be seen that the polishing of the active layer to the desired thickness was not perfect,
leading to a non-uniform thickness, which could be one of the major factors contributing

to the high propagation loss as discussed later.

2 pm EMT = 25.37 kv ZEISS
i WO = 7.0mm

Figure 4-39. SEM cross- section view of the “inverted” waveguide

4.4.2 Laser experiments
The experimental setup for the laser experiments performed using the inverted rib
waveguide was similar to that described in chapter 2. The waveguides were pumped by a
Ti:sapphire laser tuned to 932 nm and was horizontally (TE) polarised. Lasing results at

981 nm and 1000 nm have been discussed in the following sub-sections.

4.4.2.1 Lasing at 981 nm

For this set of experiments, the first cavity formed was without the use of any external
mirrors, the feedback being provided by the Fresnel reflections (11%) from each of the
end-facets. The input and output powers were measured and the slope efficiency (for the
combined output from both ends) was found to be 58% with respect to absorbed power
(which was calculated by measuring transmission of the pump through the waveguide, on

and off absorption near the threshold power as described in 3.3.2.3), with a threshold
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power of 23 mW. The maximum power extracted in this configuration was 17 mW.

Similar experiments were repeated with different cavities ie: HR/Fresnel cavity,

HR/24%T cavity and HR/6%T cavity. The results are presented in Figure 4-40 and

summarized in table 1. The lowest threshold power obtained was 13 mW for the HR/6%T

cavity.
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Figure 4-40. Output power (Poyt) vs. Absorbed power (P,ps) for different cavity

configurations.

Table 4-3. Summary of threshold powers and slope efficiencies for different cavities.

Cavity Absorbed threshold power Slope efficiency
(mW) (%)
Mirrorless (Fresnel/Fresnel) 23 58
1 Mirror (HR/Fresnel) 19 47
HR/24% 15 12
HR/6% 13 09

The losses were estimated by a Caird analysis (section 3.3.2.1) and confirmed by

transmission measurements (section 3.3.2.3) to be ~2.7 dB/cm, which is 1.7 dB/cm higher
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than that measured for a planar waveguide fabricated by LPE. This is also higher than
previously reported values in this material [27], which may be attributed to the imperfect
polishing of the active layer as seen from Figure 4-39. The output spectrum was measured
by an optical spectrum analyser (OSA) and was centred at 980.8 nm as shown in

Figure 4-41 and the laser output was horizontally polarized (E//N,,).
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Figure 4-41. The measured spectrum centred at 980.8 nm.

The output beam was imaged onto a CMOS camera and is shown in Figure 4-42.
The output is single-mode with beam radii of 4.8 um and 3 pm in the x and y-direction
respectively. The simulated (using OlymplOs commercial software) beam profiles is
slightly different to with the predicted mode radii being 4.1 um and 2.2 pm in the x and y-
directions respectively. This may be due to the simulated structure being different to the

somewhat irregular experimental structure seen in Figure 4-39.

Figure 4-42. a. Measured laser mode. b. Simulated laser mode.
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4.4.2.2 Lasing at 999.8 nm
The mirrors were changed for these set of experiments, with the input mirror having
>99.8% transmission at 932 nm and <1% transmission at 999.8 nm and the output mirror
having a transmission of 5% at 999.8 nm. The threshold was observed to be § mW and the
slope efficiency was found to be 4.8%. The input-output characteristics are shown in

Figure 4-43. The lasing wavelength was found to be 999.8 nm.
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Figure 4-43. Output power (Pout) vs. Absorbed power (Pabs) for the HR/5% cavity.

On moving the launching objective horizontally, it was possible to achieve
operation at 981 and 999 nm simultaneously as well as only at 981 nm as seen from

Figure 4-44.
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Figure 4-44. Effect of coupling on laser wavelength.
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4.4.2.3 Discussions
As described in the previous sub-sections, 981 nm was the preferred lasing wavelength
when compared to the more commonly operated 1024 nm transition. The evolution of the
fluorescence spectra with increasing launch power was studied in the mirrorless cavity
configuration. A fibre-coupled OSA was used to take these spectra with the fibre at the end
of the waveguide and from the top of the waveguide. Figure 4-45 shows the measured

spectra.
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Figure 4-45. (a) Evolution of spectra with launched pump power measured end-on and (b) a.
evolution of spectra with launched pump power measured from the top.
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Figure 4-46 shows the extracted peak intensity for each power (measured from the
end). It is clearly seen that most of the gain is taken by the 981 nm wavelength and hence
is the preferred wavelength when compared to 999.8 nm and 1024 nm laser wavelength.
This observation is consistent with calculations carried out assuming a propagation loss of
2.7 dB/cm. The calculated threshold powers for 1024 nm, 999.8 nm and 981 nm for a
mirrorless cavity are 32 mW, 20 mW and 17 mW, hence the 981 nm wavelength reaches

threshold first.
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Figure 4-46. Extracted peak intensities for 981nm, 999.8 nm and 1024 nm as a function of
power.

For the HR/5%T cavity the laser threshold is calculated to be 3.5 mW for the 1024
nm wavelength compared to 16.5 mW for the 981 nm and 3 mW for the 999.8 nm. Hence
the 999.8 nm radiation reaches threshold first. In each case, the balance between gain, re-
absorption loss, propagation loss and cavity loss allows selection between these

wavelengths.

4.5 Conclusions

In this chapter, the first mode-locking results with an Yb*"-doped waveguide laser have
been presented. A fundamentally mode-locked repetition-rate of 4.9 GHz was achieved at a
maximum output power of 81 mW and pulse durations as short as 740 fs, with an output
wavelength of 1052 nm. A novel dispersion technique for waveguide lasers was employed

using the Gires Tournois interferometer (GTI) effect by controlling the gap between the
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waveguide and the SESAM or the output coupler. Using shorter devices, this repetition-
rate was increased to 15.2 GHz, which to date is the highest fundamental repetition-rate
achieved from any solid-state waveguide laser. These devices are very promising for laser

frequency metrology and medical applications.

Next, results with ytterbium-doped RbTiOPO4 were presented as a potential
ultrafast laser host compatible with fabrication of waveguide geometries. Laser action was
demonstrated for the first time in an (Yb,Nb):RTP planar waveguide laser. The active layer
was epitaxially grown to a thickness of 10 um and a laser threshold power of 276 mW was
observed. Unfortunately, due to the limitation of the pump power, the input-output
characterisation could not be carried out, which will be done in the future with high power
laser diodes. In order to reduce the threshold power of the (Yb,Nb):RTP waveguide laser,
channels were fabricated in epitaxially grown films by ion-beam milling and reactive ion
etching (RIE). Second harmonic generation was also observed at a wavelength of 570 nm
for a fundamental wavelength of 1140 nm in waveguides fabricated by ion-beam milling.
The propagation losses were measured to be 3 dB/cm. Unfortunately, these losses were too
large for laser operation to be achieved. RIE was then investigated as an alternative
fabrication technique using SF¢ and Ar gases. A systematic study of the RIE parameters
(RF power, gas pressure and gas ratio) was carried out to optimize the etching. The first
ever (Yb,Nb):RbTiOPO,4 channel waveguide fabricated by reactive ion etching was
demonstrated with a propagation loss of 3.5 dB/cm. Once again propagation losses were
found to be high and therefore laser action could not be demonstrated in these channel

waveguides.

Yb:KYW was also investigated as a potential material system for ultrafast
waveguide laser operation. However, once again the final propagation losses were found to
be high and laser action was preferred at the high-gain 981 nm wavelength. Mirrorless
lasing was demonstrated in an “inverted” Yb,Gd,Lu:KYW waveguide laser fabricated by
ion-beam milling. Pure 3-level operation at 981 nm was observed with a slope efficiency
of 58%. Using smaller output couplers, a threshold power as low as 13 mW was observed.
Laser action was also observed at 999.8 nm using a different mirror set. Future work will
involve etching Yb,Gd,Lu:KYW using smaller etch depths and less vigorous etching

parameters to get losses as loss as 0.3 dB/cm as demonstrated by Geskus et al [27].
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Although other authors have demonstrated low-loss Yb:KYW waveguide lasers
[27], and very short pulses have been demonstrated in bulk Yb:KYW lasers [28], our
preferred host for further experiments in ultrafast waveguide lasers is glass due to ease of
fabrication of low-loss guides by ion-exchange, relative cheapness of the material and ease
of incorporating other dopants, and the future possibility of incorporating such lasers in

highly integrated optical circuits.
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Chapter 5 Er, Yb-doped glass waveguides

5.1 Introduction
In the previous chapters, continuous wave (CW) and mode-locking results obtained with
Yb**-doped waveguides operating near 1 pm were presented. Er’"-doped gain media are
widely used to develop lasers operating around 1.5 pum, primarily for applications in
telecommunications. This motivation has meant that most of the limited work in mode-
locked waveguide lasers to date has been based on Er-doped materials. However, these
tended to use extended cavities and hence the repetition-rates have been lower than 1
GHz [1-6]. More recently a fully integrated waveguide laser has been demonstrated with
a repetition-rate of 400 MHz and power levels of about 1 mW [7]. In this device, the
saturable absorber element was end-butted on the waveguide and dispersion
compensation was achieved on the chip itself by using an un-doped waveguide section

with negative dispersion [7].

In this chapter, mode-locking results obtained in waveguides fabricated by ion-
exchanging a commercially available Er, Yb-doped phosphate glass (I0G-1, Schott glass
technologies, Inc) are presented. Yb*-sensitizer ions are co-doped with Er’” within the
glass matrix to increase the absorption of the pump owing to the small absorption cross
sections of the Er*" ions. A monolithic cavity was formed by end-butting a semiconductor
saturable absorber mirror (SESAM) and output coupling (OC) mirrors directly to the
waveguide and dispersion compensation was achieved through the Gires-Tournois
interferometer (GTI) effect [8] by controlling the gap between the SESAM and the

waveguide.

Quantum dot (QD) SESAMs [9] have been recently developed as an improvement
over conventional quantum well SESAMs giving low non-saturable losses, low saturation
fluence and fast recovery times. The concentration of the QDs can also be controlled
during fabrication to achieve the desired modulation depth for stable mode-locking for
very high repetition-rates (> 1 GHz). Until recently, GaAs-based QD SESAMs have been
used to demonstrate mode-locking around the 1.3-pum spectral regime [9]. However, due to

challenges in material engineering it is very difficult to fabricate QD SESAMs for 1.5 um.



116

InP-based platforms are used for fabricating optical devices near 1.5 um, however InP-
based QDs have not been perfected yet.

The first ever demonstration of mode-locked operation around 1.5 um using an
InGaAs/InGaAs QD-SESAM was demonstrated recently using a bulk Er,Yb glass laser
with a repetition-rate of 10 GHz and an output power of 8 mW [10]. For the experiments
described in this chapter, a similar QD-SESAM fabricated by researchers at the University
of Sheffield was employed, resulting in a repetition-rate of up to 6.8 GHz. A dot in well
(DWELL) structure was used for these experiments, which is described in section 5.3. To
the best of my knowledge, this is the first ever demonstration of mode-locked operation of
a waveguide laser using a quantum dot SESAM at any wavelength. 6.8 GHz is also the
highest reported repetition-rate from a fundamentally mode-locked waveguide laser at 1.5
um. The fabrication of the waveguides and the modelling of the mode profile was carried

out by Dr. Pradeesh Kannan.

5.2 Fabrication of waveguides
Commercially available phosphate glasses from Schott Glass Technologies Inc. (I0G-1),
doped with 1.16 wt. % erbium (Er) and 4.77 wt. % ytterbium (Yb) were used as the host
material. lon-exchange was carried out using the processing steps outlined in chapter 3.
The dimensions of the glass substrates used for fabrication were 2.5cm x 2.5cm x 0.2cm.
After metal masking with mask opening widths of 1 um to 10 um in steps of 0.2 um, these
glass substrates were kept immersed for 30 minutes in a molten mixture of 45% KNO; —
50% NaNO; — 5% AgNO;3 (mol%) in a furnace at 325°C. After the ion-exchange and mask
removal, the glass samples were polished to lengths of 20 mm and 14.5 mm, respectively.
The refractive index profile of the ion-exchanged glass was measured in a planar
waveguide fabricated using the same processing steps as the channel waveguide, except for
the metal masking. M-line measurements were performed by prism coupling and the
diffusion depth was found to be 14.6 um and the index contrast between the surface and
the substrate was found to be 5.1x107 at 1553 nm. The fundamental mode at 1553 nm was
simulated by a commercially available waveguide modelling package (RSoft CAD) for a
waveguide fabricated using a mask opening of 6 um, corresponding to the waveguides
used to obtain the laser results discussed in the following sections. The 1/¢* beam radii
were found to be 9 um and 5.7 um along the horizontal and vertical directions,

respectively, as shown in Figure 5-1.
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Figure 5-1. The simulated mode profile at 1553 nm for the waveguide fabricated using a 6
pm mask opening.

5.3 Quantum dot SESAM structure

The 1550 nm QD-SESAM structure was grown in a solid-source III-V molecular
beam epitaxy machine (VG 90 by Oxford Plasma systems). A distributed Bragg reflector
(DBR) structure consisting of 31 pairs of GaAs (115 nm) and Alj9sGag2As (134 nm) was
grown on a semi-insulating GaAs 100 substrate. On top of the DBR mirror [10], one
DWELL structure was grown. The DWELL structure consisted of a 1 nm layer of
Ing 13Gag g2 As, the InGaAs/GaAs quantum dot layer and 6 nm Ing3;Gag goAs layer. Finally,
a GaAs capping layer was grown on top of the DWELL structure. The In-layers were
grown at 530°C and the GaAs layers were grown at a temperature of 565°C.

A schematic of the QD-SESAM structure is shown in Figure 5-2 and the
reflectivity curve of the SESAM was measured by Dr. Alexander Lagatsky at the
University of St. Andrews and is shown in Figure 5-3. A similar QD SESAM has a
saturation fluence (Fy) of 9 pJ/em® and a modulation depth (AR) of 0.4% and non-

saturable losses (AR,;s) <0.1% as discussed in [10].
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Figure 5-3. The reflectivity curve for the Quantum Dot SESAM.
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5.4 CW characterisation
For CW lasing experiments, a 2% OC (R=98% at 1550 nm and R<1% at 974 nm) and a

high reflectivity mirror (R>99.8% at 1550 nm) were end-butted on the 14.5-mm-long and
20-mm-long waveguides using fluorinert (FC-70, Sigma Aldrich). The waveguide was
held on a thermo-electrically cooled copper mount kept at a constant temperature of 18°C
as the performance was found to deteriorate at room temperature (i.e. CW output power
was found to be 10% lower). The pump laser was a fibre-coupled, single-mode laser diode
from 3S photonics with a central wavelength of 973.4 nm and a maximum average power
of 850 mW. The experimental setup is similar to Figure 3-6, except with a high reflector
(HR) mirror in place of a SESAM. The pump was collimated by a x20 objective having a

focal length of 8 mm and was then launched into the waveguide using a x10 objective with

a focal length of 15.4 mm resulting in a launched spot radius of 6.4 um. The output power
(Pout) versus input power (Pj,) characteristics obtained with the 14.5-mm-long sample is

shown in Figure 5-4.
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Figure 5-4. Output power against input power characteristics for the 14.5-mm-long
waveguide sample.
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The slope efficiency was measured to be 11.2% and the threshold power was 45 mW for a
waveguide fabricated by a mask opening of 6 um. The laser spectrum was measured by an
optical spectrum analyser (OSA) and was centred at 1558 nm. The upper limit on the
propagation loss was estimated to be 0.15 dB/cm by using the measured value of the slope
efficiency and equation 2.55, with an assumption of a perfect overlap between the pump
mode and the laser mode and a perfect launch of the pump into the waveguide. The
transmission of the pump at different powers was measured through the waveguide after
removing the mirrors and the results are presented in Figure 5-5. It can be seen that the
transmission at threshold power is less than 1% (assuming a 100% launch efficiency),
implying that around threshold the absorption should be >99% and hence this length of the

waveguide is sufficient for efficient absorption.
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Figure 5-5. Transmission measurement for 14.5 mm long sample.

The output power versus input power curve obtained with the 20-mm-long waveguide is
shown in Figure 5-6. The slope efficiency was measured to be 5.5% and the threshold
power for lasing was found to be 76 mW. The spectrum was centred at 1564 nm, which is

slightly longer than was observed with the 14.5-mm-long waveguide. This is as expected
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as the use of a longer guide favours operation on the more 4-level transition with reduced
re-absorption losses. Using a similar method as for the 14.5-mm-long waveguide, the
propagation losses were estimated to be less than 0.25 dB/cm. The slightly higher loss is
attributed to the sample to sample variation in fabrication. As seen from Figure 5-5, most
of the pump is absorbed within the 14.5-mm-length, and hence the longer length only
introduces more re-absorption loss and propagation loss to the cavity. This is the reason for
the higher threshold power and the lower maximum output power obtained from this
waveguide. The pump mode radii were measured by imaging the output from the
waveguide onto a CMOS camera using a lens of focal length 16.9 mm and then using
Gaussian beam propagation to calculate the actual spot sizes at the waveguide facet. The
beam radii were measured to be 8.1 um and 5.3 pum along the horizontal and vertical
directions, respectively in good correlation with the values of 7.5 um and 4.9 pm simulated

using RSoft CAD.
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Figure 5-6. Output power against input power characteristics for the 20-mm-long
waveguide sample.
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5.5 Mode-locking experiments

5.5.1 20-mm-long sample
The HR mirror was replaced by the QD-SESAM for the mode-locking experiments. The
QD-SESAM was kept on a 3-axis stage with two additional degrees of freedom to control
the tip and tilt of the SESAM to enable alignment with the waveguide. The distance
between the SESAM and the waveguide was carefully monitored by using a combination
of a x100 objective lens and a CCD camera kept above the waveguide setup. The control
of the gap introduces dispersion in the cavity due to the GTI effect, as discussed in the
previous chapter. This in turn reduces the mode-locking threshold due to soliton mode-
locking. For the 20-mm-long sample, the laser was found to operate in the Q-switched
mode-locking regime at an incident pump power of 415 mW and an output power of 5.6
mW. The Q-switched pulses were recorded using a fast photo-detector (> 25 GHz
Bandwidth) and a slow oscilloscope (500 MHz Bandwidth). The system response time was
not fast enough to resolve the individual pulses, but the Q-switched pulse envelope was
measured and found to have a pulse width of 106 ns and is shown in Figure 5-7. The pulse
Q-switched pulse train is shown in Figure 5-8 and the repetition-rate was measured to be

370 kHz.
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Figure 5-7. Q-switch pulse envelope obtained during Q-switched mode-locking.
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Figure 5-8. The pulse train for the Q-switched pulses.

Q-switched mode-locking was confirmed by radio frequency (RF) spectrum
analyser measurements, from the occurrence of multiple peaks. At a pump power of 513
mW, self-starting CW mode-locking was observed with a corresponding output power of
6.7 mW. The air gap between the SESAM and the waveguide was ~ 13 um and the net
round-trip group velocity dispersion (GVD) was estimated to be — 2000 fs* using equation
(4.2) (the contribution due to the waveguide was -840 fs? and the contribution from the
GTI was -1160 fs*). The output power versus input power characteristics of the mode-
locked waveguide laser clearly showing the different regimes of operation are shown in
Figure 5-9. It can be seen that a maximum power of 9 mW was obtained during stable

mode-locked operation.
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Figure 5-9. Output power versus input power characteristics for the 20-mm-long mode-
locked waveguide laser.
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The RF spectrum for the mode-locked pulses was recorded using a resolution bandwidth of
10 kHz and a span of 10 MHz and is shown in Figure 5-10. A clean, sharp peak is
observed at 4.85 GHz.

The autocorrelation trace was measured at an output power of 9 mW and is shown
in Figure 5-11. The blue curve is a sech? fit to the experimental data (red dots) and gives a
pulse duration of 2.5 ps. The corresponding optical spectrum is shown in Figure 5-12 and it
can be seen that the spectrum has a bandwidth of 1.15 nm and is centred at 1556 nm. The
pulses have a time-bandwidth product of 0.36, indicating nearly transform-limited sech?

pulses.
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Figure 5-10. RF spectrum for the 20-mm-long waveguide sample.
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Figure 5-11. Autocorrelation trace for the 4.8 GHz waveguide laser. Red- experimental
data, blue line- sech? fit.
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Figure 5-12. Optical spectrum for the 4.8 GHz waveguide laser at a mode-locked power of 9
mw.

5.5.2 14.5-mm-long sample
The output power versus input power characteristics obtained using the 14.5-mm-long
waveguide are shown in Figure 5-13. Q-switched mode-locking was observed at a pump
power of 464 mW and a corresponding output power of 14 mW. When the pump power
was increased to 558 mW, self-starting mode-locking was observed with an output power
of 25 mW. As seen from Figure 5-13 a maximum power of 30 mW was obtained for the
maximum pump power. The gap between the QD-SESAM and the waveguide was ~13
um, as in the previous case. The RF spectrum was measured at a span of 10 MHz and a
bandwidth of 10 kHz and is shown in Figure 5-14. It can again be seen that the peak is

clean and sharp and is centred around 6.8 GHz.
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Figure 5-13. Pin-Pout characteristics for the 14.5 mm long sample.
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The autocorrelation trace measured at an output power of 30 mW is shown in
Figure 5-15. The pulse duration was measured to be 5.4 ps and gives a reasonable fit to a

sech” profile.
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Figure 5-15. Autocorrelation trace for the 6.8 GHz waveguide laser. Red- experimental
data, blue line- sech? fit

The optical spectrum is centred at 1544.5 nm and has a bandwidth of 0.76 nm and is
shown in Figure 5-16. The resulting time-bandwidth product is 0.52, which implies
slightly chirped pulses.
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Figure 5-16. Optical spectrum for the 6.8 GHz waveguide laser at an output power of 30
mw.
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5.5.3 Repetition-rate tuning

After mode-locking was achieved at a central frequency of 6.8033 GHz, the dependence of
the repetition-rate on the pump power was studied. The pump power was increased from
586 mW to 684 mW (by going 10% beyond the normal operating current of the laser
diode). The repetition-rate was observed to decrease on increasing the pump power, as is
seen from Figure 5-17, with a maximum shift in frequency of 1090 kHz. A similar effect
has been previously used to stabilize a waveguide laser operating at a repetition-rate of 750
MHz, in combination with a piezo-controlled SESAM [5], achieving a timing jitter of 14
fs. This shift in the repetition-rate was attributed to atomic dispersion [11]. Atomic
dispersion should actually reduce the refractive index for the lasing wavelength when
pumped with higher powers, which would increase the repetition-rate in contradiction to
what is observed in Figure 5-17. The thermo-optic coefficient (dn/dT) for this glass is
negative, which would also mean a decrease in the refractive index with increasing
temperature. Since a decrease in the repetition-rate was observed with increase in the pump

power, it is believed that the thermal expansion of the glass dominates the other two

effects.
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Figure 5-17. Change in frequency as a function of incident pump power.
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5.6 Conclusions

In this chapter, the mode-locking results obtained around 1.5 pum have been discussed. A
standard photolithographic ion-exchange technique was used to make low-loss (<0.3
dB/cm) waveguides in a commercially available phosphate glass (I0OG-1 from Schott Glass
Technologies Inc.) doped with erbium ions and ytterbium ions. The ion exchange was
carried out at 325°C in a molten mixture of 45% KNO; — 50% NaNOs; — 5% AgNO;
(mol%). The waveguide samples used for the CW and mode-locking experiments were 20-
mm and 14.5-mm in length giving maximum output powers of 28 mW and 64 mW,

respectively, under CW operation.

A dot in well (DWELL) SESAM structure fabricated by researchers at the University
of Sheffield was used to mode-lock the Er,Yb: IOG-1 glass waveguides. Diode-pumped,
self-starting, fundamentally mode-locked operation was demonstrated using the novel
DWELL SESAM. The 20-mm-long waveguide had a mode-locking output power
threshold of 6.7 mW and a maximum output power of 9 mW was obtained during
operation. Nearly transform-limited pulses as short as 2.5 ps were obtained at a wavelength

of 1556 nm and a repetition-rate of 4.85 GHz.

For the 14.5-mm-long sample, self-starting mode-locking was demonstrated at a
repetition-rate of 6.8 GHz. To the best of my knowledge, this is the highest repetition-rate
to have been reported for a fundamentally mode-locked waveguide laser in the 1.5 um
spectral regime [12]. This is also the first mode-locked operation of a waveguide laser
using a QD-SESAM. The mode-locking threshold was found to be at an output power of
25 mW and a maximum power of 30 mW was obtained during mode-locked operation.
Slightly chirped pulses with a time-bandwidth product of 0.52 were obtained with a pulse
width of 5.4 ps at a central wavelength of 1545 nm.

Fine control of the repetition-rate was demonstrated using the 14.5-mm-long
waveguide. On increasing the pump power by 100 mW the repetition-rate was found to
decrease by 1.09 MHz. This has been attributed to the thermal expansion of the waveguide
with increasing pump power, which increases the length of the waveguide sample and in
turn reduces the repetition-rate of the waveguide. This effect could potentially be used to
help stabilize the waveguide cavity for frequency comb applications. The most common

way of cavity stabilisation is using piezo-controlled cavity elements to finely control the



130

cavity length. This however, includes moving parts and is often prone to noise and also
needs external mechanical control. Using the pump power to control the frequency is
simpler and could be a route towards on-chip integration of frequency combs. Future work
could also include power-scaling via master-oscillator power-amplifier (MOPA)

configurations.
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Chapter 6 Tm-doped glass waveguides

6.1 Introduction
In the previous chapters, CW and mode-locking results obtained around 1 um and 1.5 pm
have been discussed. The 2 um “eye-safe” spectral regime is becoming increasingly
important owing to a variety of applications in spectroscopy [1], LIDAR [2] and

medicine [3].

As discussed in chapter 2, the *F4 —°Hs transition of the Thulium (Tm’") ion is
commonly used for the development of lasers operating around 2 um. Tm’-doped laser
gain media have a broad absorption band near 800 nm, for which there are a large variety
of pump laser diodes available in the market today. High-power, diode-pumped Tm™*-
doped solid-state lasers can therefore offer compact and efficient sources for 2-pum
radiation. The broad emission bandwidth is also beneficial for the production of short
optical pulses and ultrafast operation has been achieved in various gain media [4-6].
Another attractive feature is that cross-relaxation between the 3H4 and 3H6 levels allow an

internal quantum efficiency of up to two.

Using Tm” -doped media in a low-loss waveguide geometry can deliver efficient
lasers with a reduced threshold power and can also be a step towards the realisation of
compact and integrated sources. The planar waveguide geometry allows good thermal
management, which is beneficial for high-power operation [7]. Tm’ -doped crystal
waveguide lasers have been previously demonstrated in planar geometry in YAG [8],
YLF [9], KYW [10] and LiNbOs3 [11] and in channel geometry in KYW [12] and LiNbO3
[13]. A slope efficiency as high as 70% has been achieved for a Tm’:KYW channel
waveguide laser fabricated by a combination of liquid-phase epitaxy and ion-beam
milling [12]. Q-switched operation has also been demonstrated recently in a planar

Tm:KYW waveguide laser fabricated by liquid-phase epitaxy [14].

Glass-based laser hosts are relatively cheap and simple to fabricate, they offer a
broad emission bandwidth and compatibility with low-loss ion-exchange waveguide
fabrication techniques. Tm’ -doped glass waveguide lasers have been fabricated in a
lead-germanate glass by ion-implantation [15], and in fluorogermanate glass [16] and

ZBLAN glass [17] by femtosecond writing. As discussed in the previous chapters, ion-
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exchange is a cheap and simple technique for fabricating low-loss channel waveguides in
glasses. However, to date there has been limited work on the ion-exchange of Tm’'-
doped glass waveguides [18, 19] with the focus being on the S-band amplification near

1.4 um [19].

In this chapter, the first ion-exchanged thulium-doped waveguide laser operating
near 1.9 um is presented [20]. A novel combination of ion-exchange and ion-beam
milling was used to fabricate waveguides, with propagation losses of ~0.3dB/cm. A
threshold power of as low as 44 mW was achieved for a cavity formed by high
reflectivity (HR) mirrors and a slope efficiency of up to 6.8% was observed for a
HR/10% output coupler (OC) cavity. An extension of this work is the development of
mode-locked waveguide laser sources near 2 um, which could open up opportunities such
as pumping of mid-infrared frequency combs [21]. All the experiments discussed in this
chapter were carried out by the author with the exception of the fabrication of
waveguides and the modelling of the modes, which was carried out by Dr. Pradeesh

Kannan, and the fabrication of the glass, which was carried out by Dr. Xian Feng.

6.2 Fabrication details
The germanate glass was fabricated by a standard melting and quenching technique. The
glass melt had a composition of 65.5 mol% GeO;, 12 mol% Al,O3, 4.5 mol% BaO and
18 mol% Na,O which was then doped with 1 mol% of Tm,0; which corresponds to an
ion concentration of 4x10*°cm™. The annealed glasses were then sliced to dimensions of
20 mm x 20 mm x 2 mm and were polished to optical quality for the fabrication of
channel waveguides. Initially, a similar ion—exchange procedure as described in chapter 3
was carried out. However, it was found that the glass reacted with the chemical etchant
(Al etchant from OM group, inc) used during the etching of the aluminium (Al) mask,

resulting in very rough glass surfaces.

The fabrication process was therefore slightly modified to avoid the chemical removal of
the metal mask and this is shown in Figure 6-1. First, a 35 £ 5-nm-thick layer of
aluminium was deposited on the germanate glass using an electron-beam evaporation
system. Next, the photoresist layer was spun on the glass sample and channel opening
widths between 1 pum and 10 pum, in steps of 0.2 pum, were photolithographically

transferred. After this step, the masked glass sample was put in an Ar™ ion-beam milling
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system (Ionfab 300 Plus from Oxform plasma) and the resist mask pattern was transferred
to the metal. The parameters used in the etching were current = 100 mA, voltage = 500 V

and etching time = 150 seconds.
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(1.5 um) and patterning of the metal mask
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Figure 6-1. The modified fabrication process to fabricate channel waveguides in Tm:
germanate glass

The photoresist was removed using acetone and the glass was kept in the ion-exchange
furnace for 300°C for 20 minutes in a molten salt mixture of 43 mol% KNO; — 55 mol%
NaNO; — 2 mol% AgNOs. Following the ion-exchange step, the metal mask was removed
using ion-beam milling. Since the unmasked glass is also etched during this step, due to
ion-beam milling being a non-selective process, a 50-nm depression was formed in the
waveguide region as shown in Figure 6-2 (for a waveguide fabricated by a channel
opening width of 9 um). To minimise the etching of the glass during the etching of the
metal (to define the mask) and during the mask removal step, a very thin layer of metal
layer (~35 nm) was used as a mask as compared to the 200-nm-thick layers as described
in chapter 4 and in chapter 5. A thicker layer of metal mask would mean that a greater
tolerance (to make sure that the metal layer is etched all the way through) would have to

be kept during the masking stage, which will lead to a deeper etching of the glass. Also,
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during the mask removal step, since the glass and metal have similar etch rates, a thicker
mask would have meant an etch depth of >100 nm in the glass. Finally, the glass samples

were end-polished to a length of 11.5 mm.

3 pm EHT = 20.00 kv W
f—“‘i WD = 9.0 mm

EHT = 20.01 kv
WD = 9.5 mm

Figure 6-2. (a) End facet view of the waveguide, and (b) the top view of the waveguide after
fabrication
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6.3 Optical characterisation
The refractive index was measured using the prism coupling technique in a planar ion-
exchanged waveguide fabricated with the same ion-exchange parameters as for the
channel waveguides. The diffusion depth was found to be 4.6 pm and the index contrast
(An) was 0.06 at 1553 nm. The waveguide supports 5 modes at 632.8 nm, 2 modes at
1553 nm and 1 mode at 1900 nm (the index at 1900 nm was found by fitting the
measured refractive indices to the Sellmeier equations [22]). Hence, it can be concluded

that this waveguide is single-mode at the laser wavelength.

The absorption spectrum of a polished piece of bulk glass measured using a Cary
500 spectrophotometer (Varian Ltd, Oxford, UK) is shown in Figure 6-3. It can be seen

that the maximum absorption coefficient (o) is at 790 nm and has a value of 2.3 cm™.
This wavelength is easily accessible by a Ti:sapphire laser, which was used as the pump

source for the laser experiments.
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Figure 6-3. The absorption spectrum measured using a spectrophotometer.
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A McCumber analysis carried out by Dr. Pradeesh Kannan [23, 24] was applied to
the measured absorption spectrum to calculate the emission cross-sections shown in
Figure 6-4. The emission is peaked at a wavelength of 1865 nm and has a value 2.3x10™'
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Figure 6-4. The calculated emission cross-section from McCumber analysis.

6.4 CW lasing experiments

6.4.1 Experimental setup

The ion-exchanged, 11.5-mm-long Tm’":germanate glass waveguide was mounted on a
thermo-electrically-cooled copper mount using silver conductive paint and was kept at a
temperature of 15°C. As seen from Figure 6-3, the absorption peaks at 790 nm, therefore a
titanium sapphire laser tuned to a wavelength of 790 nm and delivering a maximum power
of 500 mW was used to pump the waveguide. The pump power incident on the waveguide
was controlled by a variable neutral density filter and a half-wave plate controlled the
polarisation, which was kept horizontal. The pump light was coupled into the waveguide
by an aspheric lens of focal length 11 mm. The transmission through the waveguide was
measured at the absorption wavelength (790 nm) and away from absorption (840 nm) as
described in section 3.3.2.3. From this method a launch efficiency of 80% and absorption
of 85% were estimated. A mechanical chopper was installed in the pump beam, and the

chopped output was focussed on an InGaAs detector for fluorescence lifetime
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measurements. The fluorescence lifetime was measured to be 0.8 ms from this

measurement.

6.4.2 Laser results
A thin dielectric mirror (thickness = 175 um) with a reflectivity of >99.8% at the lasing
wavelength and reflectivity of ~ 32% at the pump wavelength was used as the high
reflectivity (HR) mirror for the waveguide cavity. It was butted to the input facet of the
waveguide and was held in position with fluorinated liquid (FC-70 from Sigma Aldrich).
Another similar HR mirror was end-butted on the output facet of the waveguide and hence
an HR/HR laser cavity was formed. All the waveguides were tested for their continuous
wave (CW) performance and the lowest threshold power was observed for the waveguide
fabricated with a mask opening width of 9 um. On increasing the pump power (P), lasing
was observed at an absorbed threshold power (Py,) of only 44 mW. The output from the
waveguide was passed through a glass filter (RG-1000) and was measured to be less than 1
mW. The central lasing wavelength (Ajasing) Was measured with an optical spectrum
analyser (OSA) from Yokogawa AQ6375 and was found to be 1885 nm. The output from
the waveguide was filtered using a germanium window (to remove any 1.5 pum
fluorescence and the pump) and was focussed on the InGaAs photodetector to measure the
angular frequency () of the relaxation oscillations and to estimate the loss as described
in 3.3.2.2. The plot for ®’ vs. r is shown in Figure 6-5 where r is defined as P/Py — 1. The
cavity loss was derived using the slope of the linear fit to the experimental data and the

propagation loss was found to be 0.3 dB/cm (assuming no losses due to mirror butting).

10x10 ">

Figure 6-5. Plot of the square of the relaxation oscillation frequency against the number of
times above threshold measured for an HR/HR cavity.



140

Next, bulk mirrors with a thickness of 6 mm and with transmissions of 6% and 10% at
the laser wavelengths were used as OCs. The input-output characteristics are shown in

Figure 6-6.
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Figure 6-6. Input-output characteristics of the Tm: germanate waveguide laser for a 6%
OC and a 10% OC.

The mirrors were placed on a 5-axis (X, y, z, tip and tilt) kinematics mount. The tip and
tilt were adjusted to align the mirror with the end facet and it was moved as close as
possible to the waveguide end-face to achieve efficient laser action. A laser threshold of
69 mW was observed for the 6% OC and a slope efficiency of 4.3% was measured. For
the 10% OC, a threshold power of 78 mW was observed and a slope efficiency of 6.8%
was measured. The laser spectra were measured by an OSA and were found to be centred
at a wavelength of 1884 nm and 1881 nm for the 6% and 10% OC respectively. The laser
spectrum measured with the 10% OC is shown Figure 6-7 and the envelope has a full-

width-at-half-maximum (FWHM) bandwidth of 1.9 nm.
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Figure 6-7. Laser spectrum for the HR/10% cavity.
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The relaxation oscillations were also measured for both the OCs using a similar
procedure as for the HR/HR cavity. The plots of o vs. r for the HR/6% cavity and the
HR/10% cavity are shown in Figure 6-8 (a) and Figure 6-8 (b) respectively. It was found
that the (total cavity loss - output coupler loss) was consistently 1.5 dB more than what
was found in the case of the HR/HR cavity. This additional loss can be attributed to the
misalignment between the waveguide facet and the mirror and imperfect end-butting.
Due to the mirrors being aligned manually using a kinematic mount, a small angle could
have remained between the waveguide and the mirror. This introduces significant loss to
the laser mode when compared to the case of the thin HR mirror, which was directly end-
butted on the waveguide facet. A possible route to reduce this loss is direct deposition of

the dielectric coating on the waveguide facets or the use of thin OC mirrors.
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Figure 6-8. Plot of the square of the relaxation oscillation frequency against the number of
times above threshold measured for an (a) HR/6% cavity, and (b) HR/10% cavity.

6.4.3 Beam characterisation
Beam characterisation was carried out by imaging the output from the waveguide on to a
CMOS camera. The measured pump mode is shown Figure 6-9 (a), and the 1/¢* beam
radii were measured to be 6.2 um and 3.2 um in the horizontal and vertical directions,
respectively. The simulated pump mode profile using a commercially available
waveguide modelling software (RSoft) is shown in Figure 6-9 (b). The simulated mode
sizes were calculated to be 5.1 um and 2.1 pm in the horizontal and vertical directions
respectively. This discrepancy between the measured and simulated values might be due
to the 50 nm etch in the waveguide region as seen from Figure 6-2 which was not

included in the modelling.
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Figure 6-9. (a) Measured mode-profile, and (b) simulated mode-profile at 790 nm.

6.5 Discussions

The internal quantum efficiency (ng), gives an indication of the degree of cross-relaxation
in the Tm’"-doped gain media. A quantum efficiency of two implies that all the ions are
participating in the cross-relaxation mechanism. This is controlled by the doping

concentration of Tm®" ions. ngwas estimated by fitting the measured values of the slope

efficiency (1) to the following equation [25]:
-V T
n= Vpnqnol T+L (6.1)

where, v,, is the pump frequency, v; is the laser frequency, T is the output coupler
transmission, L is the estimated round-trip losses from relaxation oscillation
measurements (excluding the output coupler transmission) and 1, is the overlap factor
estimated to be ~0.8 from the quasi-3-level-laser analysis of Risk [25]. Using the
experimentally observed values, the internal quantum efficiency was found to be 1.15.
This value of slightly >1 indicates that the laser is benefiting from some cross-relaxation,
which helps to populate the upper laser level. However, the slope efficiency may be
improved with even higher doping of Tm®" ions in the glass matrix. From this estimated
value of 1.15 for 1, the threshold powers were calculated for each of the laser cavity and

are shown in Table 6-1.
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Table 6-1. Summary of results for the Tm:germanate waveguide laser

Pt Pt Ns 7u|asing

OC | Measured | Theory | Measured
mw) | MwW) | %) | (m)
HR 44 37 - 1885
6% 69 64 43 1884
10% 78 67 6.8 1881

From Table 6-1, it can be seen that there is a good agreement between the measured and
calculated values of the threshold powers, further validating the estimation of the internal
quantum efficiency. The current value of ny would allow slope efficiencies of up to nearly
50%. This has not been achieved due to the fact that the propagation losses are high in
relation to the output coupling. This could be increased by reducing the alignment losses

by direct coating of dielectric mirrors on the waveguides.

6.6 Conclusions

In this chapter, CW lasing results of Tm:germanate glass waveguides around 2 pm has
been presented. A novel combination of ion-exchange and ion-beam milling was used to
fabricate low-loss waveguides in the Tm’"-doped germanate glass. To the best of my
knowledge, this work represents the first ion-exchanged Tm:glass waveguide laser. Laser
threshold was reached at an absorbed pump power of 44 mW in a laser cavity formed by
end-butting two thin high reflectivity mirrors on the end facet of the waveguide (HR/HR
cavity). The laser wavelength was centred at 1885 nm and the propagation losses were

estimated to be 0.3 dB/cm, using the relaxation oscillations method.

When one of the HR mirrors was replaced by a bulk mirror with a transmission of 6%, a
slope efficiency of 4.3% was found and the threshold power increased to 69 mW. The
laser wavelength was 1884 nm. With a 10% output coupler, a threshold power of 78 mW,
a slope efficiency of 6.8% and a central wavelength of 1881 nm were observed. As a
comparison, the slope efficiency for a Tm’-doped fluorogermanate glass channel

waveguide laser fabricated by femtosecond writing [16] was 6% and the incident
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threshold power was 80 mW. However, the total cavity loss was found to have increased
by 1.5 dB when using thick output coupling mirrors, which require manual alignment,
compared to the case of the directly butted thin-mirror HR/HR cavity. This additional
loss is due to the misalignment between the waveguide facet and the mirror. The value of
the internal quantum efficiency was estimated to be 1.15 which indicates some degree of

cross-relaxation.
The performance of the laser can be improved by:

1. Increasing the doping concentration of the Thulium ions in the glass matrix. This will
increase the internal quantum efficiency.

2. Use of thin dielectric mirrors or direct coating of mirrors to reduce misalignment
losses.

3. Using a higher output coupling mirror to increase the slope efficiency, at the cost of

increased threshold pump power requirement.

Future work would involve replacement of the HR mirror with saturable absorber
elements to realise high repetition-rate mode-locked sources around 2 pum and the
implementation of diode-pumping using commercially available laser diodes. Such
diode-pumped, efficient, laser sources could have a variety of applications, including

acting as pumps for mid-IR frequency combs [21].
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Chapter 7 Conclusions and future work

7.1  Thesis summary
This thesis has dealt with the development of compact mode-locked waveguide laser
sources that have repetition-rates in excess of 1 GHz with target applications in optical
frequency metrology and non-linear microscopy. A basic material requirement for such
laser sources is that the gain media should have a broad emission bandwidth and be
compatible with fabrication of low-loss waveguides. To this end, various gain media
operating at different wavelengths were investigated to evaluate their performance. Ion-
exchanged waveguides in rare-earth-doped phosphate glass showed the most promising
results and were used for the mode-locking experiments. Mode-locked waveguide lasers
operating near 1 um and 1.5 um were demonstrated with multi-GHz repetition rates and
picosecond or sub-picosecond pulse durations. The highlight results with specific laser

hosts are described below.

7.1.1 (Yb,Nb):RbTiOPO4
(Yb,Nb):RbTiOPO4 (RTP) has a broad emission bandwidth around 1060 nm and is a very
promising non-linear crystal, making it a good candidate for the development of mode-
locked lasers and self-frequency-doubled lasers. Using liquid-phase epitaxy, low-loss (~1
dB/cm) (Yb,Nb):RTP waveguides were fabricated on RTP substrates. CW lasing was
demonstrated for the first time in a planar (Yb,Nb):RTP waveguide laser at a threshold
power of ~280 mW. The slope efficiency could not be calculated because of the
limitation of the pump power. Future work involves the high power diode-pumping of

this waveguide to fully characterise its laser performance.

Channel waveguides were then fabricated in (Yb,Nb):RTP by ion-beam milling to
try and reduce the threshold power for lasing. Smooth side-walls were obtained and
single-mode waveguides were demonstrated with propagation losses of ~3 dB/cm.
Second harmonic light at 570 nm was also generated when it was pumped by an optical

parametric oscillator (OPO) at 1140 nm [1].

Next, channel waveguides were fabricated in (Yb,Nb):RTP by reactive ion etching
(RIE) using SF¢ and Ar gases. A systematic approach to optimise the RIE of RTP was

taken, where the gas pressure, RF power and gas concentration were varied to minimise
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the surface roughness without having an overly long etch time. The optimised parameters
were RF power of 250 W, gas pressure of 40 mTorr and gas flow rates of 10 sccm for Ar
and 10 scem for SFg. Using these parameters single-mode rib waveguides in the
(Yb,Nb):RTP film were fabricated that demonstrated waveguiding at 980 nm with a
propagation loss of ~3.5 dB/cm [2].

Lasing was not achieved in the (Yb,Nb):RTP channel waveguides fabricated by
reactive ion etching or ion-beam milling because of high propagation losses. Thus this

material was not pursued in the project for mode-locking experiments.

7.1.2 Yb:KY(WOy);
Yb:KY(WO4), (Yb:KYW) also possesses a broad emission bandwidth around 1030 nm

and is very commonly used to generate ultra-short pulses in bulk laser systems.

In order to fabricate channel waveguides in this material, grooves with dimensions
in the order of a few micrometres were etched into a KYW substrate by ion-beam milling,
following which a layer of Yb:KYW was grown on the substrate by liquid-phase epitaxy
[3]. A cladding layer of KYW was overgrown on the active layer to effectively produce
“inverted-rib” waveguides in Yb:KYW. The propagation loss was measured to be ~2.6
dB/cm, which prevented the low-gain wavelength 1030 nm from lasing. Pure 3-level
operation was observed from this waveguide with a lasing wavelength of 981 nm. A
slope efficiency as high as 58% was achieved without any mirrors and a threshold power
as low as 13 mW was obtained when mirrors were used to provide laser feedback. With a
different mirror set, laser action was achieved at a wavelength of 999.8 nm with a slope
efficiency of 5%. Yb:KYW remains a material of great interest for the realisation of
mode-locked waveguide lasers, however the production of high quality Yb:KYW planar
waveguides was problematic. In future, when good quality films are obtained, it is
expected sub-500 fs pulses could be obtained at high output powers. The use of channel
waveguide structures that require shallower etching should also help to reduce the

additional losses that these etching processes can bring [4].

7.1.3 Mode-locked Yb:phosphate glass
Yb-doped glass is an attractive medium for integrated optics because of the low-cost and
ease in fabrication of devices via ion-exchange, and it also has a broad emission

bandwidth suitable for the production of ultrashort pulses.
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Low-loss, ion-exchanged waveguides were fabricated in a commercially available
Yb-doped phosphate glass (I0G-1 from Schott glass technologies, Inc). The waveguides
were polished to lengths of 20 mm, 9.4 mm, 8§ mm and 6.5 mm to give different
repetition-rates. A mode-locked laser cavity was formed by end-butting a SESAM and an
output coupler on the facets of the waveguides. Mode-locked Yb-doped glass waveguide
laser operation was demonstrated, for the first time, at a repetition-rate of 4.9 GHz, a
maximum power of 80 mW, a pulse duration of 740 fs and a central wavelength of 1058

nm [5].

A simple technique of dispersion control was utilised to operate the laser in the
soliton mode-locking regime. A gap was introduced between the waveguide and the
output coupler, which was controlled to change the total intra-cavity dispersion via the
Gires-Tournois Interferometer (GTI) effect. It was found that the mode-locking
performance was highly dependent on this gap, with no mode-locking achieved when the

gap was reduced to zero.

With shorter waveguide samples, even higher repetition-rates were achieved. For a
9.4-mm-long sample, a repetition-rate of 10.4 GHz was achieved with a pulse width of
757 fs and an output power of 60 mW. A repetition-rate of 12 GHz was achieved for the
8-mm-long waveguide sample at a pulse duration of 824 fs and an output power of 45
mW. For the shortest 6.5-mm-long waveguide sample, the highest ever reported
repetition-rate of 15.2 GHz from a waveguide laser was achieved at an output power of

27 mW and a pulse duration of 811 fs [6].

These results have opened up the field for the realisation of mode-locked waveguide
lasers by simply end-butting the SESAMs on waveguide lasers and by exploiting the GTI
effect. Future work may rely on integrated dispersion control within the SESAM itself for

a more stable configuration.

7.1.4 Mode-locked Er,Yb:phosphate glass
1.5 um is an important wavelength regime in the near infra-red for telecom applications.
After mode-locking was achieved in Yb:phosphate glass, channel waveguides were
fabricated in an Er,Yb:phosphate glass (I0OG-1 from Schott) using a similar ion-exchange

technique as that used for the Yb:phosphate glass waveguides. The waveguides were
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polished to a length of 20 mm and 15 mm in order to achieve mode-locking at different

repetition-rates.

The mode-locked laser cavity was formed by a novel SESAM consisting of a dot in
well (DWELL) structure and negative dispersion was introduced by controlling the gap
between the SESAM and the waveguide via the GTI effect.

With the 20-mm-long waveguide sample, self-starting mode-locking was achieved
at a repetition-rate of 4.8 GHz and pulse duration of 2.5 ps and a maximum output power
of 9 mW. A repetition-rate of as high as 6.8 GHz was achieved with the 15-mm-long
sample at a pulse duration of 5.4 ps and a maximum output power of 30 mW. The
wavelength of operation for both the mode-locked lasers was around 1550 nm. The
repetition-rate was finely tuned by more than 1 MHz by varying the pump power, which

may be useful for future stabilisation without having any moving parts in the cavity.

This is the highest repetition-rate to have ever been reported from a fundamentally
mode-locked waveguide laser around the 1.5 um spectral regime. Also this is the first

waveguide laser to be mode-locked by a quantum dot SESAM [7].

7.1.5 Tm:germanate glass
2 um is an important “eye-safe” wavelength regime for various applications, such as
spectroscopy, medical surgery and LIDAR. The next step in the project was to develop
mode-locked sources in this spectral regime to target these important applications. To
achieve this, an ion-exchangable Tm:germanate glass was fabricated with a high Tm®"
concentration in order to increase the quantum efficiency via the well-known cross-

relaxation process in thulium ions.

Ion-exchange was carried out in this glass and it was polished to a length of 11.5
mm, corresponding to a repetition-rate of 8 GHz, if mode-locked. The propagation losses
were measured by a relaxation oscillations technique and were found to be 0.3dB/cm at
the laser wavelength. A threshold power as low as 44 mW was achieved with a cavity
formed by two highly reflecting mirrors at a wavelength of 1885 nm. The highest slope
efficiency of 6.8% was achieved with a 10% output coupler with a maximum output

power of 10 mW. Based on these results a quantum efficiency of 1.15 was estimated [8].
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This is an encouraging result for the possibility of future mode-locked operation, as

low propagation loss waveguides and low thresholds for laser operation near 1.9 um have

been demonstrated. However, this performance could be improved by doping the glass

with a higher concentration of Tm®" ions in an attempt to increase the quantum efficiency

and by reducing the mirror alignment losses.

7.2

Future work

7.2.1 Power-scaling

In the previous section, the results obtained during the course of the project were

summarised. Mode-locked operation was achieved at wavelengths of 1 pm and 1.5 pm

with a repetition-rate of up to 15 GHz. It will be of interest to power-scale these devices

to increase their range of potential applications. Three different strategies can be

employed to achieve this:

1.

2.

High power pumping of planar ion-exchanged waveguides. In this scheme, a planar
ion-exchanged waveguide can be fabricated and then pumped with commercially
available 10 W single-emitter diodes with a good beam quality in the guided direction
(M?=1), and a moderate beam quality (M?~40) in the non-guided direction. This can
potentially lead to a single stage source with an output power of ~1 W. However,
high-power pumping of glass may not be ideal due to thermal issues. Also, there is a
high probability of SESAM damage at such high average powers. Nevertheless, if this
could be achieved, scaling the mode size in the non-guided plane by a factor of ~10
would lead to typical modelocked output power regimes of the order of ~1'W rather
than the ~100 mW typically achieved so far as this would produce the same fluence

on the SESAM.

Master Oscillator Power Amplifier (MOPA) using fibre amplifiers. The mode-locked
waveguide laser can be used as a seed source for various cascaded fibre amplifiers
which can potentially amplify the seed to about 40 W. A block diagram for such a
system is shown in Figure 7-1. The output from the amplifier stages can be
compressed to give near transform-limited pulses. These high-power, multi-GHz
pulses can be fed for example into a photonic crystal fibre for super-continuum
generation as has previously been demonstrated using an ultrafast VECSEL seed

source [9].
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Figure 7-1. Block diagram for the amplification scheme of the mode-locked
waveguide laser.

3. Master Oscillator Power Amplifier (MOPA) using a single-stage waveguide amplifier.
The output from the mode-locked waveguide laser source can be amplified by another
ion-exchanged waveguide. This can be an attractive option for the realisation of
integrated high power mode-locked multi-GHz systems. A more attractive alternative
to this configuration is the realisation of the seed and the amplifier stage on one
integrated chip as seen from Figure 7-2. Such a concept may be achieved via flame

hydrolysis deposition [10] which could allow the necessary localised deposition.

1W fibre-
coupled diodes

Pump waveguides

Localised doping

Angled gratings for isolation
\

_.> >1W, multi-GHz

) | femtosecond output

T
Amplifier Chain

SESAM - feedback, saturable UV-written grating - feedback,
absorption, dispersion control dispersion control

Figure 7-2. A concept for an integrated seed and amplifier solution delivering 1 W at multi-
GHz repetition rates.
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7.2.2 Mode-locking of Tm:germanate glass
During the course of this project, only CW operation was demonstrated in an ion-
exchanged Tm:germanate waveguide laser. To try and increase the slope efficiency of the
laser, new glass has been fabricated with a higher doping concentration. Experiments
with this waveguide will be carried in the future to confirm the improvement in
performance. Following which, mode-locking experiments will be carried out to try and
develop a multi-GHz source in the mid-infrared, which could have applications in mid-IR

frequency combs.

7.2.3 Mode-locking of Yb:KYW
Yb:KYW is a very promising candidate for mode-locking applications because of a broad
emission bandwidth, better power handling properties compared to glass and a higher
gain. Low-loss channels have previously been demonstrated in this material by Geskus et
al. [4] and if such waveguides could be sourced they are obvious candidates for mode-

locking experiments.

7.2.4 Applications of mode-locked, multi-GHz waveguide lasers
The next step after the realisation of the mode-locked sources is their trial in various
applications. For many applications, such as those exploiting the frequency comb
provided by such sources, the source will need to be stabilised, either by having piezo-
electric components on the mirror and/or by controlling the pump power. Reduction of
the pulse duration to sub-200 fs would also be of benefit for continuum generation and/or
further investigating the balance between self-phase modulation and the GVD within our
soliton mode-locked systems would be useful in this respect. Many other applications,
such as nonlinear microscopy or even femtosecond micro-machining would benefit from

the power scaling schemes noted above.
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