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

NOVEL RARE-EARTH-DOPED
PLANAR WAVEGUIDE LASERS

Tajamal Bhutta

Submitted for the degree of Doctor of Philosophby

FACULTY OF SCIENCE
PHYSICS

September 2002




UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF SCIENCE
PHYSICS

Doctor of Philosophy

NOVEL RARE-EARTH-DOPED PLANAR WAVEGUIDE LASERS

by Tajamal Bhutta

The planar guided-wave geometry is compatible with a wide range of materials, wavegnide
architectures and fabrication techniques. This thesis reports a series of studies of rare-earth-doped
planar waveguide lasers, exploiting and extending the diverse range of possibilities that can be
applied to planar technology. The areas investigated include the characterisation of guided-wave
lasers produced by novel fabrication techniques, the design and implementation of new channel and
planar waveguide structures and the demonstration of compact diode-bar pumped planar waveguide
lasers.

Laser operation of buried planar waveguides fabricated by a novel solid-state ion-exchange
technique based on direct bonding is reported. The fabrication process allows buried waveguide
structures to be fabricated by a single-step process, and the resulting guides are shown to have optical
losses of < 0.4 dB/cm. Direct UV writing is utilised to fabricate multiple channel sources on this
buried platform, and absorbed pump power thresholds as low as 3 mW are demonstrated. These
structures offer a new and versatile route to the large-scale production of low-loss components for
glass integrated-optics.

Lanthanum fluoride thin-films fabricated by molecular beam epitaxy are investigated. The first laser
action from a dielectric waveguide fabricated by molecular beam epitaxy is demonstrated using Nd-
doped LaF; thin films grown on CaF, substrates. Channel waveguide lasers are designed and
fabricated on these thin films by two techniques; ion-beam etching and a novel technique that
employs a photo-definable polymer. These structures have a maximum phonon-energy of 380 cm”,
which constitutes the lowest phonon energy dielectric to show laser waveguide emission to date,
offering the potential for developing compact mid-infrared sources based on this technology.

The use of planar waveguides for very compact-high-power sources is considered. Proximity
coupling - the direct coupling of the diode-bar pump radiation is demonstrated for the first time and is
used to realise a very compact and rugged laser system. Double-clad planar waveguide structures are
utilised for spatial mode-control in the guided axis of the waveguide. To be compatible with planar
fabrication techniques, and also due to the desire to refain a compact system, a double-clad design
with Jarge multimode core region is used. The theory of fundamenta)] mode selection through confined
doping for such structures is developed. This theory is applied to design the first double-clad planar
waveguide and diffraction-limited performance in the guided axis is demonstrated from an Yb**
doped device.
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Chapter ] Introduction

Chapter 1

INTRODUCTION

1.1 Overview

This thesis describes the results of research into novel rare-earth (RE) doped planar
waveguide lasers, and can be divided into three broadly definable areas; RE-doped glass waveguides,
fluoride waveguide lasers and planar waveguides for high-power laser operation. This introduction
briefly discusses the RE transitions and dielectric materials used in this work, and techniques of
waveguide fabrication in these materials. The main body of this thesis is organised in five further
chapters. Chapter 2 introduces the basic theory of light propagation in optical waveguides and laser
action in RE-doped dielectrics. Chapter 3 reports the investigation of novel buried planar waveguide
lasers in borosilicate glass. Buried structures are important for applications in glass integrated-optics
because they minimise surface scattering and fibre-optic coupling loss; the characterisation of buried
jon-exchanged planar structures fabricated by a ncw‘single-step technique based on direct-bonding is
reported. Also reported is the laser operation of buried channel waveguide lasers produced on these
thin films by direct UV-writing in a step towards developing integrated optical components. Chapter
4 reports the characterisation of lanthanum fluoride crystal thin films; the first dielectric waveguides
lasers fabricated by molecular beam epitaxy and the design and fabrication of channel waveguide
lasers on these films. These structures constitute the lowest phonon energy dielectric material to show
waveguide laser emission to date, and so offer the potential for developing compact mid-infrared
waveguide sources. Chapter 5 reports the design and development of high power diode-pumped
waveguide lasers. Proximity coupling (the direct coupling of diode-bar pump radiation without any
intervening optics) 1s used to realise a very compact laser system, and the design and demonstration of
the first double-clad planar waveguide laser is reported. The final chapter, chapter 6, collectively

summarises the experimental work and discusses some current developments and future work.




Chapter 1 ‘ Introduction

1.2 RE-doped waveguide lasers

1.2.1 Guided-wave devices

Since the first demonstration of laser action from a RE-doped thin film in the early seventies
() 4 great deal of research has centred on the development of planar waveguide 1asers. Total internal
reflection at the waveguide boundary confines the light so that, unlike free-space resonators, the light
does not diverge; thus the cavity mode volume is smaller, and the pump power required to reach
threshold is reduced. Waveguides also provide inherently rugged and compact devices that are
immune to effécts such as cavity misalignment. The benefits of guided-wave geometries have most
clearly been demonstrated in glass optical fibres. The very first laser action in glass made use of a
multimode fibre ™ consisting of a RE-doped core rod encased in a cladding of lower refractive index,
and the optical confinement of the waveguide was used to overcome the poor quality of the glass
available at the time. Modern glass silica fibres have exceptionally low propagation losses (0.1
dB/km) and can be designed to only suppoit a single spatial mode at the laser wavelength for
diffraction-limited output ®!. The single mode core can be combined with double clad designs and
long device lengths to effectively couple high-power diode pump sources, and these devices can now
provide over a 100 W of output power in a diffraction-limited beam ) More recent has been the
development of ‘soft glass’ technology, in particular fluoride based ZBLAN fibre lasers P, These
have the advantage that the cut—off for their vibrational specira is at lower energies than silica and has
allowed the development of fibre sources that operate at longer wavelengths in the 2-4 um region &),

Although planar wavegmdes devices have not reached the same level of maturity, they are
potentially more versatile than optlcal fibres. The planar geometry can combine the benefits of a
guided-wave resonator with a more compact monolithic format that is directly compatible with the
techniques and concepts of integrated optics (1042 The fabrication techniques for realising these
devices are diverse and not limited to just glasses; laser waveguides can be produced using crystals

U318 or high gain materials such as Nd: YAG ! 'Y,

with large non-linear coefficients such as LiNbOs
Laser operation of planar waveguides fabricated in Ti-sapphire %! have also recently been reported,
which should allow the development of miniature tuneable sources. And, as reported here, fluoride
crystal waveguide lasers with lower phonon energies than ZBLAN fibres can be produced in a planar
geometry. The advantages of planar waveguides are not limited to the development of low-power
integrated optics; the slab geometry is well known to have improved therma) limitations over
cylindrical geometries L. The shape of a planar waveguide is also well suited to the emission of
high-power diode-bar punp sources so that simple pump coupling with the minimum of optics can be

used, or, as demonstrated here pump delivery can be achieved with no optics whatsoever to realise

very compact laser systems suitable for high power operation.
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1.2.2 Active materials

The planar waveguide laser devices reported here were produced by fabricating a waveguide
in, or from, a RE-doped dielectric material. The RE hosts considered m this work are giass,
lanthanum fluoride and the garnets YAG and GGG. The use of glass subsirates for integrated optics is
of interest for applications such as telecommunications due to their high availability, relatively low
cost and their natural refractive index match to silica optical fibres M. The key feature of the
lanthanum fluoride crystal is the maximum phonon energy of the host (350-400 cm'l) 29 which
compares favourably with that of ZBLAN (520 cm'l) and offers the potential for developing planar

mid-infrared technology.

7' ¥ AG has established a place of dominance due to its exceptional

Of the oxide garnets
mechanical strength, high thermal conductivity, good optical properties and high damage threshold.
Consequently, incorporating RE-doped YAG in a waveguide is desirable for the development of high
power planar lasers. The garnet GGG is also a well-known laser material and shares many of the
properties of YAG. Although YAG has slightly better thermal and optical properties, GGG possesses
a higher refractive index. Both garnets share a cubic crystal structure with similar lattice spacing,
which allows the two to be combined by epitaxially growing RE-doped GGG thin films on undoped
YAG substrates to form planar waveguides suitable for high power operation. Both RE-doped YAG
and RE-doped GGG core waveguides are considered.

Much of the work reported in this thesis details the characterisation of the first laser
waveguides of their kind. For these initial demonstrations and test of the suitability of these
waveguide structures the 4Fm-“I]]/;transition of the neod'yrnium (N d3+) RE iom is used. The general
energy level scheme for Nd** is shown in figure 1.2.1, each of the free-ion energy states have a host
induced stark-splitting, however, the position of these energy levels does not vary much between

different hosts due the shielding of the 4f electronic energy states by the outer electrons.
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Figure 1.2.1 Schematic representation of RE laser transitions used in this work.
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Chapter 1 Introductiorn:

The laser transition is optically pumped at a wavelength around 0.8 pm to a high lying
manifold from which it decays non-radiatively to the long-lived *F;» manifold. Laser action at a
wavelength (A) of around 1 um occurs between a stark level of this manifold and one of the Tin
manifold. The terminating stark level for the laser transition is high above the ground-state (~2000
cm’™) and so has no thermal population at room temperature. The “Fi,-*1y)» transition is a four-level
system aud one that displays high gain in most host materials, making it relatively easy to achieve
laser action on. This transition is used for the initial investigation of glass and LaF; planar waveguides
reported in chapters 3 and 4.

In chapter 5, the Fspp -2Fap, transition of the ytterbium (Yb3+) ion 1is used for the first
demonstration of a double-clad planar waveguide laser. This transition is illustrated in figure 1.2.1
and has attracted interest over the last decade for the development of efficient high power lasers 227,
The advantages of this transition derive from the simple electronic energy level structure of the
dopant ion. Yb*" has only two active manifolds, the *Fs; pump manifold, which contains the upper
laser level and the *Fqp ground manifold containing lower laser level. As the lower laser level is
thermally populated, the laser transition is quasi-three level leading to an increased threshold when
compared to Nd-doped systems. However for high-power operation, the very small energy mismatch
between the pump (A=0.9um) and laser photons (A=1pm) results in a very efficient system with a low
thermal load B%. The absence of intermediate or higher lying energy levels also means that excited
state absorption and concentration dependent ion-ion energy transfer effects that lead to well known

concentration quenching in Nd** systems ®" are not present.
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1.3 Waveguide structures and fabrication
1.3.1 Planar waveguides

Planar waveguides can be fabricated by creating a region of high refractive index on a
suitable substrate. This can be achieved by either modifying the refractive index of the surface of the
planar substrate or by depositing a material of higher refractive index on the substrate surface. Index
modification generally results in a gradually varying refractive index profile, whereas thin film
deposition is better suited to the production of a more abrupt, step index profile. The basic planar
waveguide geometries and refractive index profiles are illustrated in figure 1.3.1. In general, the
buried planar geometry is preferred as this minimises scattering loss at the guide-air interface and
provides a more symmetric optical mode. The two key parameters in designing laser waveguide
structures are the size of the light guiding core and the refractive index difference between this and
the substrate. As discussed in chapter 2, these parameters govern the number of propagating modes
and their physical size at a given optical wavelength, both of which are critical to the laser
performance of such guides. These parameters are also important when coupling pump light into the
guide as they govern the physical size and divergence of the pump beam that can be accommodated
by the structure. The numerical aperture (NA) and core depth requirements for diode pumping via
proximity coupling are discussed in more detail in chapter 5.

The number of techniques that have been demonstrated separately or in combination to
fabricate planar waveguides is now vast and continues to grow; the brief discussion here will

concentrate on those techniques relevant to the work reported in subsequent chapters

(b) .

()
Core ——
Substrate —
_;__._
Figure 1.3.1 Planar waveguide structures >
() Unclad/surface planar waveguide x

(b) Clad/buried planar waveguide
(© ?OSSible refractive index profiles for both surface and buried planar waveguides: step
index (solid line) and graded index (dotted line).




Chaprer 1 Introduction

Ion-exchange is one of the most widely used waveguide fabrication technique for glasses
(1132331 This process relies on replacing an ion in the glass by an ion of larger size or polarisability to
locally increase the refractive index. A purely thermal process can be used, or this can be combined
with electric fields to give better control over exchange speed and refractive index profile. Typically,
the ions are introduced into the glass from a molten salt bath, the apparatus used, for the common K-
Na' thermal ion exchange process is illustrated in figure 1.3.2 (). The glass substrate is submerged in
a melt of KNO; salt, and the K’ jons of the molten salt replace the Na™ in the glass at the substrate
surface, locally increasing the refractive index and thus creating a waveguide region. Buried
structures can be created by a secondary heat [341, electric field P9 or exchange process [33]
Waveguides fabricated using 2 novel solid-state source for K'-Na" ion-exchange are investigated in
chapter 3.

Similar chemical surface treatments have been applied to some crystals. Proton exchange is a
classic technique for lithium niobate integrated optics (1314 Waveguides have also been fabricated in

(15061 5 process where metal ions evaporated onto the substrate surface

lithium niobate by indiffusion
are diffused into the substrate using a heat treatment. Recently, indiffusion has also been used to
incorporate titanium into sapphire substrates to fabricate Ti-sapphire waveguide lasers ®. These
chemical surface treatments, however, are not generally applicable to all crystals, and have not as yet
been used successfully for garnets such as YAG and GGG. The technique of ion-implantation is
certainly a more generally applicable process of index modification. This method uses high-energy
ions to bombard the planar substrate to create sub-surface damage, and has been applied to a variety
of glasses ¥ and crystals, including garnets """ to fabricate waveguides. Unfortunately, the
propagation losses of these structures are quite high (‘ryp’ically >1dB/cm), which compromises their
use as lasers. .

The most common technique for planar waveguide fabrication for crystal YAG and GGG is
epitaxial thin film growth. Several techniques exist for the epitaxial deposition. The thin-film growth
of gamnet crystals by liquid phase epitaxy (LPE), growth from supersaturated solutions, has been
studied for a number of decades and has proved particularly effective for the production of YAG and
GGG devices """l The optical losses of current LPE RE-doped YAG on YAG guides is 0.05 dB/cm,
which 1s very close to the value of the scattering loss of bulk crystals, and an NA of 0.2 has been
achieved by incorporating Ga ions into the active layer to increase refractive index "®. More recently,
LPE has also been extended to the growth of other materials ™ including the first fluoride (Nd:YLF)
crystal laser ™. LPE remains a relatively cheap technique for the production of these crystal devices,
however the growth of new systems is limited by the need to find suitable flux constituents for the
growth solution. Waveguide engineering is also restricted as LPE provides poor control over the
morphology of very thin layers and the NA achievable with homo-epitaxial deposition is limited. For
higher NAs, techniques that are capable of combining different active layer and substrate materials

are required.
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Deposition from vapour sources is inherently better suited to accurate process control; source
switching and shuttering can be applied while the growth can be monitored and optimised throughout
the deposition. The two techniques considered in this work are pulsed-laser-assisted deposition and
molecular beam epitaxy. Both are suitable for the deposition of very thin layers (<10 um) and hetero-
epitaxial growth for high NAs.

Pulsed-laser-assisted deposition (PLD) is a particularly attractive technique; it combines
accurate control with exceptionally guick deposition times and inexpensive hardware. The basic
elements of the apparatus used to fabricate wavegunides by PLD are 1llustrated in figure 1.3.2(b). The
pulsed-laser is used to ablate the target material, which is then deposited as a thin film on the
substrate. This technique has recently been applied to the growth of RE-doped GGG on YAG to form
high NA (0.75) waveguides with optical losses as low as 0.5 dB/cm P** and also low-loss Ti-
sapphire waveguide lasers ). PLD has one major drawback; the formation of macroscopic particles
in the grown layer. These particulates are, at least in part, due to imperfect ablation of the target
material 1] and the effect of particulate density on device performance for Nd:GGG/YAG
waveguides is discussed in chapter 5.

Molecular beam epitaxy (MBE), in which growth is carried out in ultra-high vacuum (UHV)
using thermally generated molecular beams, provides exceptional control over the grown layer. An
MBE growth system 1s shown schematically in figure 1.3.2(c). A large number of cells can be used to
deposit the constituents of the growing film, which, for example, allows separate cells to be used to
generate the RE-dopant and dielectric-host molecular beams, so that the doping level can easily be
controlled by varying the relative molecular beam fluxes. The thin-film deposition can be monitored
throughout the growth by x-ray diffraction techniques, and slow deposition rates can be used to
provide mono-atomic contro] over the growing layer. Although the need for strict process control and
UHV makes the hardware expensive, MBE allows exceptional waveguide engineering on the atomic
scale, as demonstrated by the success of MBE semiconductor quantum well lasers. The fabrication of
dielectric devices by MBE is however still in its infancy. MBE is best suited to the fabrication of
fluoride rather than oxide dielectrics, as these have higher energies for molecule dissociation . A
number of groups have studied the growth of RE-doped fluoride thin films “**¢l RE-doped ZnF,,
PbF,, CaF,, and LaF; have all been grown with various substrate materials, inchuding GaAs and Si,
however no laser action had been reported. The first laser action from dielectric waveguide devices
fabricated by MBE 1s reported in chapter 4.

Evidently there is a desire to develop more generally applicable techniques that do not require
a lattice-match. Direct bonding (also referred to as optical or thermal bonding) has emerged as a
particularly versatile technique, involving simply contacting of surfaces that have been polished to an
optical ﬁnisb;and then chemically cleaned. In the low temperature version of this process, Van der
Waals,forqjcs loId the surfaces together, and chemically and structurally dissimilar materials can be

‘bonded; ~  #4:the thermal expansion co-efficients of the substrate and waveguide layers are




Chapter 1 Introduction

compatible. Once bonded, the bond is strong enough to allow mechanical thinning of the active layer
by polishing, and buried structures can then be constructed in a second bonding step. Composite
direct-bonded waveguides have exactly the same spectral properties as the original bulk crystals,
optical losses are as low as 0.2 dB/cin (1 and demonstrated NAs range from 0.06 (Nd:YAG/YAG) to
0.8 (Nd:YAG/glass) 2. Although the process is labour intensive, the versatility of the direct bonding
process is unmatched by epitaxial techniques and this is the technique used for the fabrication of the
high power YAG/sapphire waveguides (NA=0.46) reported in chapter 5. Direct bonding is also an
integral part of the new lon-exchange process used to fabricate the glass waveguides reported in

chapter 3.

1.3.2 Channe! waveguides

Channel waveguides struciures are the basic components of low-power integrated optics and
allow the production of multiple sources on a single planar substrate. The lateral confinement of the
Jaser and pump radiation can also markedly reduce laser threshold and provides an optical mode
better suited to couphing to fibre-optic components. Channel waveguide structures can be created by
selectively processing a small area of a planar substrate. The most widely used techniques rely on
photo-lithographic pattern transfer, in which a master pattern is defined in a sacrificial imaging layer
(resist) by exposure to UV light through a contact printing mask. Development of the photo-resist
leaves a mask on the thin film, which can be combined with deposition, etching or index modification
processes to transfer the pattern into the waveguide material.

Channe} waveguides can be formed directly on a planar substrate by an index modification
process combined with photolithographic masking. For example, ion-exchange glass channels can be
fabricated by depositing an aluminium thin film on the substrate, which is then etched through a
negative relief of the channel created by photolithography to leave a negative metal mask 1. By
placing the prepared substrate in the melt of KNOj; salt, ion exchange only occurs in the exposed
regions of the substrate and thus a channel waveguide is created. Indiffused channels can be
fabricated by creating a photo-resist mask prior to depositing the metal to be diffused; the metal is
thus only deposited on the exposed regions of the substrate providing a patterned source for
indiffusion resulting in a channel as opposed to planar structure. These processes generally result in a
graded-index channe] of the type shown schematically in figure 1.3.3(a). However, the Limited
applicability of index modification process to crystals means that alternative techniques are required
for many applications, in which a thin film slab waveguide is formed first and then is structured. The
rib waveguide (figure 1.33(b)) can be defined by applying a photo-resist mask to an unclad thin film

and then etching using an ion beam 7.
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(a) (b) (c) (d)
Figure 1.3.3 Examples of channel waveguide structures
(a) lon-exchange/Indiffused channel (b) Rib Channel
(c) Slab-loaded channel (@) Buried channel (e.g UV writing)

It is, however, not always necessary to structure the core layer directly, the channel pattern
can be formed in a clad waveguide by structuring the top layer to produce a loading slab as illustrated
in figure 1.3.3(c). Slab-loaded structures provide lateral confinement of the thin film mode by
interaction with the evanescent field, and so provide a non-invasive technique for confining optical
radiation, which is useful for core materials that may be susceptible to etch-damage. Slab-loaded
structures also add a greater degree of versatility; the cladding material can be amorphous and can be
chosen with respect to how easy it is to process. These types of structures are investigated in chapter 4
and a particularly versatile technique based on a photosensitive BCB polymer stripe-cladding that can
be processed using photolithographic techniques alone is developed.

A new technique for channel waveguide fabrication that does not rely on the inflexible
technology of photo-lithographic masking is direct UV writing *). This process can be applied to
photosensitive glasses (usually those that contain germanium) in which a focussed UV laser beam is
used to induce a refractive index change. The beam can be focussed through a cladding layer to
produce buried channel waveguides such as the one illustrated in figure 1.3.3 (d), and virtually any
waveguide pattern can be written using computer control “’. This technique has many desirable
features; the ability to produce buried structures, flexibility, and compatibility with automated

waveguide fabrication. UV written channels in borosilicate glass are investigated in chapter 3.
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Chapter 2 Elements of laser waveguide theory

Chapter 2

ELEMENTS OF LASER
WAVEGUIDE THEORY

2.1 Introduction

This chapter describes the underlying theory of RE-doped dielectric planar waveguide lasers.
Several textbooks give a detailed account of optical modes in waveguide geometries, for example Lee
(1986)" or Snyder and Love (1983)), and only the simplest case of a symmetric three-layer
dielectric slab is examined here. This theory is applicable to the crystal thin-film structures reported in
the subsequent chapters and the straightforward anélysis and analytical solutions that this geometry
affords also offer good insight into the behaviour of the optical modes for more complex index
profiles that require numerical analysis, such as the graded-index guides of chapter 3 and slab loaded
channels of chapter 4. The theory is then extended to five layer symmetric slab structures in appendix
A to calculate the optical modes of the waveguide structures reported in chapter 5.

Section 2.3 introduces the quasi-three level model of Jaser action developed by Fan © and
Risk . This model is based on a rate equation approach, in which the spatial variation of the
waveguide modes is accounted for, and is applicable to Yb and Nd transitions reported in this work.
The analysis is applied to end-pumped waveguides lasers in section 2.3.3 to derive approximate
expressions for threshold and slope efficiency that are used throughout this work to characterise
planar gnd ch ncl waveguides. This analysis is also the basis for the theory and modelling of gain

saturation and modé selection developed in chapter 5.
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Chapter 2 Elentents of laser saveguide theory

2.2 Waveguide modes

2.2.1 Review of electromaggretic theory

To determine characteristics of the optical fields in planar dielectric waveguides, we consider
Maxwell’s equations for a loss-less, isotropic charge-free medium. These have the following form in
terms of the electric (E) and magnetic (H) field vectors.

5

ViE=-y—H 221
ey [2.2.1]
)
ot
V.E=0 (2.2.3]
V.H=0 [2.2.4]
. A _0,., 0. 0. 0. . o
Where V is the spatial vector operator V=—x+-—y+—2 , —1s the differential with respect to
ox oy 0z ot

time and, sand g, are the electric permittivity and magnetic permeability respectively. Maxwell’s
equations can be expressed in terms of just the E field by taking the curl of equation 2.2.1 and using
the vector identity V. (VA U)= V(V.U) -V?U (for any vector U) to produce the homogenous wave
equation.

VE + Epa—iE =0 (VH+ .syizz—H =0) [2.2.5a(b)]

ot ot

(the wave equation in terms of H 1s generated by appl'ying the same procedure to 2.2.2). For an
electromagnetic wave travelling in the +z direction with propagation constant 4 and angular frequency

m the wave equations have general solutions .,

E=(E)X +Exy)§ +Efoy) 7)™ [2.2.6a]
H=Hap)X +Hxy)y + Hixy)z )" [2.2.6b]

(%,¥ and Z being the unit vectors in the respective Cartesian co-ordinate divections)

The values of E,,; and H,,, have to be determined by finding the field solutions that are continuous
across the boundaries of the waveguide structure. This analysis can be simplified by noting the high
degree of symmetry of Maxwell’s equations, if the substitutions -H for E, E for H are made and u
and ¢ are interchanged, we generate exactly the same set of equations ). Consequently by solving for
one set of fields we can generate a second set of solutions by making these changes, and use of this

fact is made in the following analysis.
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Chapter 2 Elements of laser waveguide theory

2.2.2 Guided modes of symmetric planar waveguides

A planar waveéguide is characterised by parallel planar boundaries with respect to one (x)
direction, and is assumed to extend infinitely in lateral directions (y and z). The structure depicted
below in figure 2.2.1 is considered, with core of depth D and refractive index #, and cladding and
substrates with indices n,, with 7y > n, for guided wave propagation. This three-layer symmetric step
index waveguide has uniform refractive index except for the abrupt discontinuity at x = =D/2. Using
equations 2.2.6 for E and H in Maxwell’s cur] equations (2.2.1 and 2.2.2) and noting that for this
structure J& =0, reveals the two polarisation states for these structures- transverse electric, TE,

(E=0, H.#0), or transverse magnetic, TM, (H,=0, £, #0), and their non-zero field components (listed

below).
TE modes field components TM modes field components
) E, H,
[0 wE
(ii1)
Cladding
Core
Substrate
X
2
y

Figure 2.2.1- Three-layer symmetric dieleciric siab waveguide
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Chapter 2 Elemenis of laser vwaveguide theory

The conditions for E and H to be continuous across the waveguide boundaries for TE and the
TM modes are different, and so each have to be considered separately. Starting with TE modes (£,=0,

E,=0) we can write the electric field as

E=E,(x)e" P § TE modes [2.2.8)

For guided modes the fields are expected to decay for |lx|>D/2 (in the cladding or substrate) and to be
oscillatory for Ix|<D/2 (the core). The symmetry of the structure suggests that the field decay will be
the same for substrate and cladding, and also that the modes will either be symmetric or anti-
symmetric (even or odd) with respect to x=0, so solutions of the following form for the transverse

variation of the electric field are assumed ("

Ae™ ™ x>D/2
cos(i x) even
=%, -D/2 <x>D/2
B E, [Sin(rcx)] odd ¥
_i Ae™ J x <-D/2

[2.2.9]

E,, is the maximum electric field amplitude, 4 1s a relative amplitude coefficient for the substrate and
cladding, x is the transverse wavenumber for the core and « is the decay constant for the cladding and
substrate. For 2.2.9 to satisfy the wave equation in the respective layers & and x have to obey the

following relationships.
ot =p-wtpe, «’=0'ps -p [2.2.10a, b]

These can be combined in a single condition by noting that 3, the longitudinal wavenumber, must be a

constant for a given mode. So it follows that

K +a? = a>2( &, — 1E,) wavenumber condition [2.2.11]

To determine the allowed optical modes we apply the condition that E and H must be continuous
across the boundaries x = +£D/2. We consider the two tangential components of the fields as this
automatically satisfies the condition for the longitudinal component through Maxwell’s equations. For
a TE mode the tangential components are E, and H, (2.2.7a) and for our symmetric structure the
| bo.ppdaq conditions at x = D/2 is the same as that at x = -D/2. Matching boundary conditions yields,

forey ~ 7 ‘ons, for example
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Ae™™? = cos(x D/2) [22.12]

For H, we use 2.2.7 (a iii), and again consider x = D/2, resulting in

L ade 0 = K in(xD12) ' [22.13]

1 L,

Taking the ratio of 2.2.12 and 2.2.13 eliminates the unknown 4, and we are left with the following
transcendental equation for the even modes.

H2 tan(x D/2) TE even mode condition [2.2:14]
HK

]

Doing the same for the odd modes gives

L cot(xD/2) TE odd mode condition [22.15]
HK

These two equations are often called the guidance conditions, and by graphically or numerically
solving them in conjunction with 2.2.11 for a given waveguide structure, the allowed values of o and
x can be determined. Once these values have been determined they can be substituted into 2.2.12 to
determine the relative amplitude coefficient 4 for the cladding and substrate, and substituted into
2.2.9 to determine the mode profile. In general there is more than one solution for both guidance
conditions, each solution of 2.2.14 contributes to the total ﬁumber of even modes and each solution of
2.2.15 to the total number of odd modes. The solutions are usually labelled as TE,, with m=0, 2, 4 for
even modes and =1, 3, 5 for the odd modes.

For TM modes the procedure of the analysis exactly parallels the one for the TE modes (2.2.8
to 2.2.16), except that we use 2.2.7b for the field components. However rather than go through the
whole procedure again we can make use of duality to generate the guidance condition for TM modes

(interchanging & for £in 2.2.14 and 2.2.15)

£
E’—K =tan(xD/2) TM even mode condition [2.2.16)

EQ
S—’K- =cot(xD/?2) TM odd mode condition [2.2.17]

1

With the transverse TM field components being the counterparts of 2.2.8 and 2.2.9, such that
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(e ] x>D/2
| {cos(xx) even
Hy()=H, Lsm(m)J i -D/2 <x >D/2
+ Aem x <-D/2

[2.2.18]

2.2.3 Properties of optical modes in laser waveguides

Tt is useful to recast the wavenumber, TE and TM guidance conditions in terms of the layer
refractive index () and free space wavelength (2y) to discuss optical modes in terms of the properties

of the waveguide laser. At optical wavelengths the magnetic permeability differs negligibly from its
free space value (1) and so we can set 1= 1= 14, and by using the relations 4y =27/w./e,1, and

n =J5/ ¢, (& being the electric permittivity of free space) equations 2.2.11, and 2.2.14 to 2.2.17

become
2 2_2T 0 .
K +o' = Z—(n, -n) wavenumber condition [2.2.19]
0

a a .
— = tan(xD/2) — = cot(xD/2) TE conditions [22202& D)
K K
nla n’o
—— = tan(xD/2) —— = cot(xD/2) TM conditions (2221 a& b)
nK n'K

} 1

These forms of the mode conditions illustrate the important scaling factors that govern the transverse

profiles of the modes in laser waveguides; the core depth, the optical wavelength and numerical

aperture NA=\/nf—_nf . In general, equations 2.2.19 to 2.2.21 have to be solved for a particular
waveguide structure, however, it is worth examining a few solutions to illustrate some general
properties important to laser design. Figure 2.2.2 shows how the TE mode intensity changes for the
fundamental mode (m=0), and first even (m=1) mode with decreasing NA, for 4p=1 um and D = 3
pwm. We could equally fix NA and decrease D, or fix both D and NA and increase A, to achieve
similar mode behaviour ). The profiles are normalised so that each contains the same total power.

For a high NA all the modes are well confined, with high intensities in the core and very little
penetration into the cladding or substrate. As the NA is decreased the modes extend further and
further into the cladding until the mode can no longer be supported by the structure or is ‘cut-off’
(true for all modes with m>0). The mode profile for the first odd (TE;) mode near cut-off is shown in
figure 2.2.2¢, the wings of the mode extend far into the cladding and the overlap with the core region

is very small.
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Figure 2.2.2-  TE mode intensity for the fundamental mode (solid line), and first even mode
(dotted line) for 4p=1 um and D =3 pm.
(2) NA= 0.9 (b) NA= 0.5 (c) NA=0.2 (d) NA= 0.1

The free-space divergence of a waveguide mode near cut-off is far from that of an ideal
Gaussian beam, and as the mode gets closer and closer to cut-off the M’ increases rapidly . The
fundamental mode of a symmetric waveguide is unusual in that it does not exhibit cut-off and always
has a beam quality and mode profile very close to a diffraction limited Gaussian (M><1.1) ©.
However, for low NA (or small D/ long 2,) the mode extends far into the cladding with a reduction in
the peak intensity and a reduced overlap with- the core region. Unliké the TE modes the transverse
profiles of the TM modes do not scale rigorously with NA; the additional dependence on refractive
index in the guidance condition (2.2.21) means that absolute values for the layer refractive indices
should strictly be taken. However, the difference for TE and TM modes is very small over a wide
range of indices and so figure 2.2.2 is also a good representation of TM mode profiles.

Although determining the specific properties of the waveguide modes requires Sleing the
guidance conditions, a simple expression can be derived for the total number of propagla\tihg\rﬁ'qcigs
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Chapter 2 Elements of laser waveguide theory

(Minoaes). For a guided mode solution ¢ has to take a real positive value and consequently a particular
mode will just be at cut-off when a=0. The guidance conditions give that tan(xD/2) = 0 for even
modes and cot(xD/2) = 0 for odd modes, which means that xD/2 is equal to 7or /2 (odd or even) or
an integer multiple of these at cut-off. Equation 2.2.19 shows that for «=0, x = 27NA/4y and so a
particular mode (m) will be at cut off when NA=my/2D. The total number of propagating modes will

then be given by m+1 (allowing for the m=0 mode), resulting in

]vmodes < M +
Ay

1 [2.2.22]

Where the number of modes is always an integer and each value of NV,,.zs actually corresponds to two
possible polarisations (TE and TM). Equation 2.2.22 shows that the number of propagating modes
decreases with wavelength, which can be a useful feature for the design of mid-IR waveguide lasers

pumped at near IR wavelengths.
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2.3 Laser theory

2.3.1 The quasi-three level model

Laser operation of RE-doped planar waveguides can be described using the quasi-three level
model originally developed by Fan Bl This model is generally applicable, it can be used to model
four, three -and quasi-three level transitions and allows for the spatial variation of the waveguide
modes at the pump and laser wavelengths using a rate equation approach based on population
inversion densities. The generalised energy level diagram for a quasi-three level transition is shown in
figure 2.3.1a, the RE ion is pumped from the ground-state to either a high lying pump manifold from
which there is fast non-radiative relaxation to the upper laser manifold, or, directly to one of the high
lying stark levels of the upper manifold (in the case of the Yb transition, from the Py to 2Fep
manifolds). Laser action occurs between a lower lying level of this manifold (the upper laser level)
and a high lymg stark level of the ground-state (the lower laser level). Due to the rapid relaxation
within each manifold, it is assumed that the populations within the manifolds are in ‘quasi-thermal
equilibrium’ and can always be described by a Boltzmann distribution. The population density of the
upper laser level is then N>=£,Ny, if Ny is the total population density of the upper manifold and £; is
the fraction of Ny that resides in the appropriate stark level. Similarly, for the lower laser level
N =fiNy, if f; is the fraction of N, that resides in that level. The energy gap between the ground-state

and upper manifold is assumed to be large so that in equilibrium (no pumping) the population

densities of the manifolds and levels are N =N2 =0, N? and N =f£,N? (where the “0”
superscript is used to denote the equilibrium values of thé populations). In the following analysis the
effects of spatial hole burning are neglected and it is assumed that there is negligible depletion of the
ground-state manifold, which is generally the case when fi/5<<! ) (which holds for the 1.030 um
transition of Yb:YAG, with £,=0.05 and ,=0.70 [},

The application of the quasi-three level mode] to four level transitions ™ (e.g. the *Fsy to “Th1s
transition at 1.06 pm of the Nd ion) is straightforward. The energy level diagram for a four level
transition 1s shown in figure 2.3.1b. The ion is pumped from the ground-state to a high lying manifold
from which it decays to the upper laser manifold. Laser action occurs from a stark level in this
manifold to a level in the lower laser manifold, from which the ion then decays back to the ground-
state. If the same assumption of negligible ground-state depletion is made and also that the non-
radiative decay paths from pump to upper and lower to ground-state manifolds are rapid, then the

resulis of the following analysis can be used with the lower laser populations set to zero, N;= N,=0.
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Chapter 2 Elements of laser waveguide thecry

2.3.2 Rate equations

We can write the steady-state rate equations for the population densities in the upper and lower laser
manifolds in terms of the pump rate density r(x,,z) and laser photon density ¢(x.,z) (the pump rate

and number of laser photons per unit volume respectively) as

- Ny p,z
‘W_U%y’_z) =1, T ,7) - MyGrD o Ny~ Ny (rye ) (o 2 =0
N
BUELD )+ TEELE k0[N, (1,2~ Ny 59,50 =0

[2312&b]
Where ¢, is the speed of light in the waveguide for the laser radiation, 7 is the upper manifold
lifetime, ois the gain cross-section and 77, is the pump quantum efficiency (the number of ions exited
to the upper laser manifold for each absorbed pump photon). For our assumption of negligible ground
state depletion r(x,),z) is independent of the Jower laser manifold population and integrated over the
laser waveguide is equal to the total pump rate R. Similarly, d(xy,2) integrated over the laser mode is

equal to the total number of laser photons @,
[[[rce v ooz =& [[[ 6, v 2y0x2p0z = [2.322 & b]

_ cavity cavity

which are related to the absorbed pump power (P,) and the average laser power inside the cavity in

one direction (P)) by

PP (D= ZZcPI

R=—— ‘
ho, c,h,

[2.332& b]

Where and /. is the cavity length, 4 is Planck’s constant and v, and v are the pump and Jaser
frequencies respectively. The factor of 2 appears in 2.3.3b because we are considering the power
travelling 1 one direction imnside the cavity and have defined @ as the total number of laser photons

(i.e the number of photons travelling in both directions). The steady state rate equation for the total

number of laser photons inside the cavity is Y
oD )
—=c,0 AN(x,y,2 v, 0)oxyor —— =0 234
ol _m (x:3,2) ¢ (x,y, D)oty - [2.34]

cavity c
Where AN(x,y,z)= Na(x,y,z)- Ni(x,y,2), is the population inversion density and 7z is the cold cavity
photon lifetime, the time taken for @ to fall to 1/e of its initial value in a passive cavity. If the
roundtrip propagation loss is e” then the cold cavity lifetime is given by 7. = 21./c,(L+T), where L is
the roundtrip waveguide loss exponent and T is the output coupling (the negative natural logarithm of

the mirror reflectivity, approximately equal to mirror transmission for small values of 7). It is
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Chapter 2 Elemenls of laser ywaveguide theory

convenient to express the pump rate and laser photon densities in terms of normalised spatial

distributions r, and ¢, such that

IJJ¢1(x’y'z)= ”_[rp(x,y,Z)ﬁl

‘b(x) Y Z) = CD¢, (x’ }",Z) cavity cavity
[23.5a/b] [23.5¢]

If we define the roundtrip gain as e'“, equation 2.3.4 can be re-arranged to give an expression for the

roundtrip gain exponent,

G=20l, j HAN (%,9,2) §,(x,y,2)oxdpdz = L+ T [2.3.6]

cavity
which is simply a statement of the condition for laser oscillation, that the round trip gain averaged
over the laser mode must equal the total roundtrip loss. To determine the inversion density the
fractional population densities that reside in the upper and lower laser levels within the manifolds
must be considered. For the upper laser level N, /&=f,6Ny/é, and f,N; = N; and so from equation

2.3.1a and using the expressions for r and ¢

aNQ (xsyaz)
ot

Nz(x, ),z

=f277pRrp(x: Vs Z)h ) ~f26n6‘[N2 (xsy> Z) —Nl(xjy:z)]Q¢l(x:Y> Z) =0

[23.7]
Similarly for the lower laser level N, /dc=ﬁﬁM/5x. However to express Ny/7 in terms of N, we

make use of the fact that the total population density must be a constant, consequently Ny +N, :Ng ,

and so it follows that f;Ny = f;(N?-Ny) = N{- Ny, giving

ON|(x,y,z2) _

az_ ——f;”pRrp(xsy)z)'i‘ 'l‘jiCnO'[Nz(x,y,z)—Nl(x,y,z)](ng,(x,y,z)=O

Nlo - Nl(x:y>z)
T

[2.3.8]
Subtracting 2.3.8 and 2.3.7 and using f = f; + f, for compactness, gives a single equation in terms of
the inversion density AN= N, — N, ‘

0
OAN(x, y,z) _ fﬂpRrp (x.y,2)~ AN(x,y,2)+ N1

” — fe,oAN(x, 5, z)q)é;(‘x“ vy=0 [23.9]
T &
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Which can be re-arranged to give an expression for the population inversion density

Ry, (x,y,z)~ N
AN(x,y,z)=1fn” p(2.2) Ny [23.10]
1+ fe,ot®¢,(x, y, z)

that can now be substituted into equation 2.3.6

L= rfn Rr(xy,z)
201 2 ,2)0xoydz=L+T 23.11
acﬂl +fco‘z®¢l(xy,z)¢(xy2) dyoz [23.11]

This is the key equation that governs the behaviour of a quasi-three level waveguide laser at and
above threshold and this equation is the starting point for the analysis carried out in chapter 5 for
spatial mode-selection in multimode waveguide lasers. Equation 2.3.11 can also be re-expressed to
relate absorbed pump power and laser output power (P,,,=IP;) by using equations 2.3.3 for R and ®,

and re-arranging to give

- prr(xy,z) N0
201, H | b ,(x,y,2)0x0ydz = L+T [23.12]
0= ]f] Fou (%, y,2)

sal

Where the saturation intensity has been defined as I~ fowhv, ¥, Equation 2.3.11 can now be
evaluated at different pump or laser powers for arbitlrary pump and laser distributions to de}/en‘ninc
input-output characteristics. In the following analysis Gaussian distributions are used as
approximations for the fundamental waveguide modes to allow us to derive expressions for end-
pumped waveguide lasers. In chapter 5, the solutions to the guidance conditions are considered to
allow modelhng of mode competition and spatially varying gain saturation in multimode

“waveguides.
2.3.3 End-pumped waveguide lasers

Foran T i wavegmde laser, if we assume that the pump radiation is coupled to the

fund  # ule waveguide and also that this mode is strongly confined to the doped core

a1 * “lect any pump energy outside the core) the normalised distribution for the

Eatnr
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2a —2x2 _2y?
(% ,2) = £ — 7 SXP 5 |exp Y 3 exp(—apz) [2.3.13]
T WpyWpy (1= 72) Wi Wy

Where w,, and w,, are the pump spot sizes in the x and y directions. The definition of spot size used
throughout this thesis is the radius at which the intensity falls to 1/e* of its peak value. The pump is
assumed to make a single pass through the gain medium and g, is the pump absorption co-efficient.
If the waveguide laser operates on the fundamental mode then the normalised laser distribution is

given by

2 2
2 -2x =2y
(x,y,2)= exp exp (2.3.14)
g 7 Wy Wil Wy w2

With wy, and wy, being the spot sizes of the laser mode in the x and y directions. To determine the
absorbed pump power required to reach threshold (P2,=2,) we set the output power to zero, P,,~0 in

equation 2.3.12, giving the following general expression for threshold,

201 fo= =
o ffﬂp P, ” [7,.3.2)8 Gy, 2) Oxdydz=L+T +20N,], [23.15]
D 0 —0

illustrating the general point that the pump power required to reach threshold is higher for transitions

that exhibit re-absorption loss (NI >0) than those that don’t (N, 0) (all other factors being
equalroygbiv). Substituting in equations 2.3.13 and 2.3.14 results in the following expression for
absorbed pump power threshold.

hv 2 2 [ 2 2 0
- ZJ—U{_‘;—\[WW +wE W, +wp (L+T +20N0L) [23.16]

Equation 2.3.16 illustrates that to minimise the threshold of an end-pumped waveguide both the
pump and laser spot sizes should be made as small as possible, indicating that small core sizes
combined with high NAs should be used. Consequently guided wave thresholds can be much lower
than in a comparable bulk resonator in which divergence of the modes can significantly increase the
effective mode volume . The threshold is also directly proportional to the roundtrip loss and so the
choice of fabrication technique has to be made carefully to minimise L. This is particularly important

for laser operation on four level transitions in which roundtrip losses are dominated by Z, but less

cgitical for",fiﬁ:cellevcl transitions where re-absorption (ZJNf 1) plays a significant role.
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In general the slope éfﬁcicncy (75e) has to be determined by numerically evaluating 2.3.12
using the expressions for 7, and ¢ at different values of P,,.and Pp. However for the particular case

of Nlo =0 (a four level transition) a solution can be reached el

oP,, 3 T v 2517
= p T @Dy v, 3

P

The overall slope efficiency 1s a combination of the ratio of output coupling to total roundtrip cavity
loss (7/(L+T)), the quantum defect of the Jaser transition (v/1,,), the pump quantum efficiency 7, and
a factor 7),, that describes the spatial overlap of the pump and laser modes. For low power operation

7pt 1S given by )

2 2 2, .2
\/2wp1 +w, \/2wpy + W,

P = Wil 2 N2 2
P T (W A W)W, + W)

n [23.18)]

One of the advantages of a waveguide geometry is that a good overlap is usually ensured as both the
pump and laser modes are confined to approximately the same volume and for wy. = wy and wy, = wy,
7=~ 0.75. This makes the roundtrip loss ratio the most significant resonator dependent factor in
equation 2.3.17, indicating the need for low values of waveguide loss if high efficiency is to be
achieved. In practice planar fabrication techniques result in L being greater for waveguides than bulk
crystals, and so it may be necessary to use a higher value of output coupling (7) in a waveguide laser
to achieve the same efficiency as a bulk resonator. An increase in T will increase the threshold
(equation 2.3.16), however, as long as L is not too great, lower thresholds and comparable
efficiencies can still be realised by moving from a bulk to a waveguide geometry.

Finally, in equations 2.3.13 and 2.3.14 we have assumed that the pump and laser modes do
not diverge and so equations 2.3.16 to 2.3.18 are directly applicable to channel waveguide lasers.
However, many of the devices investigated in the subsequent chapters are planar, either as a first step
towards the fabrication of channels (chapters 3 and 4) or for compatibility with high power diode-
pumnping (chapter 5), in which case divergence in the unguided (y) axis must be considered. For these
devices, the approximation of an average spot size is used for the unguided axis ®'® and this is

discussed in more detail in the following chapter when it is first used.
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Chapter 3 Borosilicate glass waveguide lasers

Chapter 3

BOROSILICATE GLASS
WAVEGUIDE LASERS

3.1 Introduction

This chapter describes the optical characterisation of novel laser waveguide structures in
borosilicate glasses. Planar structures fabricated by a new method of ion-exchange (IE) in glasses are
investigated. The ion-exchange process is based on the direct-bonding (DB) technique that allows the
fabrication of deeply buried waveguides by a single-step process and the resulting guides are shown
to have optical losses of < 0.4 dB/cm. These structures are then combined with direct UV writing for
the production of buried channel waveguide lasers. Absorbed pump power thresholds as low as 2.7

mW in structures that are suitable for integrated optical applications are demonstrated.
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Chapter 3 Borosilicate glass waveguide lasers

3.2 DB-IE Planar waveguide Jasers

3.2.1 Buried DB-IE structures

The production of ion-exchanged integrated optical devices in glass requires that losses
associated with surface waveguides must be minirmsed. Such problems are due to light scattering
from imperfections at the guide-air interface and the asymmetric mode profile of the waveguide
structure, which can prove inefficient for coupling into optical fibres Y, Fabrication of a buried
waveguide by ion exchange is generally achieved m two stages, an initial ion-exchange process to
create a surface waveguide, followed by a secondary process where the exchange ions are diffused
further into the substrate by 2 subsequent heat ) or electric field treatment ®), or by means of a second
jon-exchange process to lower the refractive index at the guide surface . A more recently applied
method is that of attaching a cladding layer by direct bonding to an ion-exchanged substrate to bury
the waveguide completely )

In confrast to all these processes, a new 10n exchange process was developed by Corin
Gawith at Southampton University that combines direct bonding and ion exchange in a single-step
process (DB-IE) for buried waveguide devices . The key to the DB-IE process is the bonding of
glass substrates with opposing chemical gradients so that the substrate can act as both a source for
ion-exchange and a cladding layer. The DB-IE process has the advantage that by using glass (a
previously unexplored source for ion-exchange) the hostile environment of a molten salt bath can be
avoided and a buried waveguide can be produced in a single step. The DB-IE process is also less
labour intensive (and consequently cheaper) than using DB alone for waveguide fabrication, as only a
single bonding step is required as opposed to first bonding the core material, then polishing it to the
required thickness and then adding a cladding layer in a second bonding step. The process used for
the mitial characterisation and feasibility study for DB-IE glass waveguides is shown below.

~ Direct bonding & 1nter Completed structure

Igé-’]dg;i 7 N substrate ion exchange

>
s

Potassinm rich

BKY7 glass waveguide region

Figure 3.2.1- Fabrication of DB-IE waveguide lasers
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The active superstrate was prepared from a melt of commercially available borosilicate glass
(BK7 from Schott) with additional 2 wt % of Nd. The composition of the undoped substrate was also
based on a commercially available BK7 glass, however in this case to facilitate 1on-exchange an
additional 4 wt% of K,0 was added by removing an equal amount of Na,0O. Upon direct bonding and
annealing at 350°C for six hours the offset in glass composition between substrate and superstrate
results in internal K - Na* ion exchange and the formation of buried waveguides at the DB interface.

Further details of this process and glass composition can be found in Gawith (1999) €1
3.2.2 Lasing of DB-IE Nd:BK?7 planar waveguides

Characterisation of the spectroscopy and laser performance of the DB-IE planar BK7 guide
was carried out using a 5.8 mm long device as illustrated in figure 3.2.2(a). A Ti-sapphire pump laser
was end-launched into the waveguide using a x10 microscope objective to focus to a spot size of
approximately 3 um at the front face of the guide, and optimisation of the pump-launch was achieved
by maintaining a maximum fluorescence signal while both aligning the guide and tuning the pump
wavelength. For the direct-bonded ion-exchanged structures it was necessary to isolate the
fluorescence signal of the core from that of the doped superstrate. This was achieved by using a x 10
microscope objective to image just the guided-wave fluorescence through a mask onto a silicon
detector. By this method it was possible to couple 76 % of the incident pump power into the guide,
with 68 % of the launched power being absorbed at a wavelength of 808 nm in the 5.8 mm long
device. These launch and absorption efficiencies (7, = 0.76 and 774 = 0.68, respectively) were
estimated by measuring the guided wave pump-transmission at 808 nm and comparing it to the pump-
‘transmission of the doped superstrate and undoped substrate.

The fluorescence lifetime of Nd** *

Fsp, level was measured in the guide by chopping the pump
and monitoring the fluorescence decay using a digital oscilloscope, and the measured lifetime of 470
ps (1/e of the maximur intensity) is typical of neodymium jons in borosilicate and silicate glasses ).
The emission spectrum was obtained by observing the fluorescence using an optical spectrum
analyser. A typical spectrum from the guide is shown in figure 3.2.2(c) and is identical to that
obtained from the bulk superstrate and is also typical of borosilicate glasses U,

Laser action on the ‘Fsp-*1,,, Nd** transition was achieved by butting plane dielectric mirrors
to the guide end-faces using a small drop of fluorinated liquid for adhesion. For two highly-reflecting
(HR) mirrors (at the laser wavelength of 1.06 pum) a pump power threshold of 42 mW incident on the
input objective was achieved, which accounting for the launch and absorption efficiencies and
objective and input mirror transmission corresponds to an absorbed pump power threshold of 21 mW.
The output mirror was changed to one with a 3% transmission and the output power as a function of

absorbed pump power is shown in figure 3.2.3(c).
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Figure 3.2.2 (2) Apparatus for emission spectroscopy (b) Arrangement for laser operation of DB-IE guide
(c) Emission spectra for the *Fyp =111 Nd transition
(line : unpolarised flouresence spectrum, solid : TE polarised laser emission at 1059 nm)

The absorbed pump power required to reach threshold rose to 41 mW and a slope efficiency
of 6 % with respect to absorbed pump power was achieved for this configuration, although no attempt
was made to maximise the overlap of pump and laser modes in the non-guided axis. The laser output
was focussed into the spectrum analyser via a polariser, which showed that the laser emission was TE
polarised and at a wavelength of 1059 nm. It is well known that ion-exchange causes stress induced
birefringence 1 and this is the most likely cause for the polarised output observed in these guides,
however this will be subject to future investigation.

The. optical modes for both the pump and laser were profiled by imaging the waveguide
OUtEﬁf-OﬂfO'ﬁa¥Sil'{50n camera using the x 10 objective, and these are shown in figure 3.2.3(2) and (b).
The’lI ages % g:éi_ngle mode pump propagation and laser operation, with guided spot sizes (1/6*

~inte de w29 pm and wy = 3.4 um, respectively. For the unguided axis the laser spot

z c¢ was measured to be w, (/,) = 40 pm while that of the pump wastoo large

- the output objective (w,, (1,) >100 pm).
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Figure 3.2.3  (a) Pump mode; guided spot size wy, = 2.9 pm (b) Laser mode; guided spot size wj,= 3.4 pm
(c) Laser output power as a function of absorbed pump power for 3% output coupling.

3.2.3 Estimation of propagation losses (Nd:BK7 planar waveguides)

A particularly useful, non-destructive and sensitive technique for determining the losses in
active waveguides is the variation of threshold with output coupling, This method was first realised
by Findlay and Clay for measuring the scattering losses in bulk lasers B however the same principle
applies to guided wave devices and this technique is used throughout this work. From equation 2.3.16,
we can see that if we assume that the pump and laser mode sizes do not vary with increasing pump
power (corresponding to increasing output coupling 7 at threshold) then the threshold of a four level
Jaser can simi)ly be written as

P, =C(L+T) [3.2.1]

“Where’ o 1s a constant that encompasses all the material properties of the gain medium and
also the spat1a1 variation of the pump and laser modes. Although, equation 3.2.1 is for absorbed pump
‘power we could equally re-define C to include the absorption and launch efficiencies (if we assume
. that thee 'f,c,main“constant with mcreasing pump power) so that 3.2.1 also holds for incident pump

', the assumption of the Findlay- Clay method is that the threshold increases linearly
pavﬂ;y loss. Consequently by making a plot of T = -InR, (if R is reﬂeotmty of the
he laser wavelength) against threshold and extrapolating to Py=0 (-InR = L) avalue
.oundtrip loss can be determined. A plot of absorbed power threshold agamst —InR for

1s ShOWn in figure 3.2 4.
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Figure 3.2.4 Findlay-Clay plot for estimation of infrinsic propagation loss of Nd:BK7 guide.

The graph x-axis intercept gives an intrinsic roundtrip loss L = -0.029 which corresponds to a
single pass loss exponent per unit length of ¢, = -L/2, = 0.02 ¢cm™. This value can be converted to

dB/cm using equation 3.2.2 (if the guide length /. is measured in cm).

Loss = 10 log{exp(-cul)}/ 1, (dB/em) (3.22]

~which gives a propagation loss of 0.1 dB/em for our planar waveguide laser. Unfortunately, the

availability of suitable mirrors limited the Findlay-Clay plot to just three points on the graph and so to

confirm this estimate the slope efficiency was considered 09 The slope efficiency is a useful

- characteristic to estimate the optical losses, as it does not rely on knowledge of cross-sections,

lifettmes or other parameters that are intrinsic to the guide material, The expression for slope

efficiency (equations 2.3.17-18)

2 2 2 2

T v, \/2wpx+w,x\ﬁwpy+w,y
=—T N e S S T
T+1L) v, (ww+wk)(wpy+w,y)

Mse (3.2.3]

is in fact only dependent on one intrinsic parameter, the pump quantum efficiency (73,) and this can be
set to 100 % to obtain an upper limit on the propagation loss. For the guided axis the measured spot
sizes of W= 2.9 pm and wy,= 3.4 pm can be used, while for the unguided axis it is assumed that the

laser mode spot-size is approximately constant, (the confocal parameter for the measured spot-size at
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the guide end-face 1s considefably longer than the length of the guide), so that wy = 40 pm. The
effective spot size UL for the unguided pump axis was calculated from the spot size at the input face
of the guide of 3.2 pm.-If the pump is focussed to a waist wy,, at the input face of the guide (z=0), the

unguided spot size will obey the Gaussian beam propagation formula

Opy

2 R
A
w;y(z)=w2 +[ "z} [3.2.4]

The spot size squared, averaged over the length of the guide (wiy ), can then be deterrnined by

integrating equation 3.2.4

! 2
— 17 Al
2 2 2 pc
wh == (W (az=w +|——2— [3.2.5]
i IHJ‘ i Opy [ﬁm@wopy]
This expression can now be used in equations 3.2.3 for the end-pumped planar guide. For the purpose

of this estimate -the small variation of refractive index due to RE doping and ion-exchange was

ignored and the value of undoped BK7 ”3], 7=1.507 was used to give a value of wﬁy = (204 }Lm)2 for

the average unguided spot size. In this manner, an upper imit of < 0.4 dB/cm for the propagation loss
was reached. The estimate of the propagation loss based on the Findlay-Clay plot, combined with this
estimate based on the slope efficiency, suggests a low value for propagation loss, certainly lower than
0.4 dB/cm and perhaps as Jow as 0.1 dB/cm, values that are comparable to waveguides fabricated by

alternative potassium ion exchange processes in BK7 glass ),

36



Chapter 3 -Borosilicate glass waveguide lasers

3.3 DB-IE Channel waveguidelasers

3.3.1 UV-written channel wavegunides

Direct writing using a UV beam in photosensitive glasses has emerged as a viable means of
channel waveguide fabrication over the last decade '™ In comparison to more traditional
techniques of masked ion exchange or etching, UV writing does not require direct access to the
surface of the guiding layer so that channel guides can be written through a cladding layer. These
features, and the ability to generate virtually any guide-pattern by direct computer control, makes UV
writing a very flexible and attractive means of developing integrated optic components in buried DB-
IE planar waveguides. To allow UV writing, 2 newly developed germanium borosilicate glass SGBN
U718 was used for the superstrate, the composition of this glass being similar to that of BK7 with
additional germamum for photosensitivity. For this initial demonstration the RE-ion content of the
SGBN glass could not be optimised due to problems with annealing the glass and a doping level of
only 0.2 wt % of Nd was available.

The channel guides were fabricated by Conin Gawith and Alexander Fu at the University of
Southampton using the procedure shown schematically below "), The planar guide was fabricated
using a substrate of the same potassium rich BK7 glass (see section 3.2.1) and a 0.2 wt % Nd doped

SGBN cladding layer, which upon direct bonding created a planar guiding region at the DB interface.

(2 ~ @ (1)
) g < <. | Rg
Focussed i\"/{ @ w N
UVbeam B | !
‘ lv/...\|
e r .
l o = ~written
4 < B~ region
N&:SGBN A
- se—— DB-JE region
Potassium C}u_znnel
guide

rich BK7

Figure 3.2.1-  Fabrication of UV written channel waveguide lasers.

Tnset; DB-IE process (i) Nd:SGBN superstrate and potassium rich BK7 substrate
(ii) DB and inter-substrate IE (i) top layer cut and polished to 200 pm
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For these initial experiments the cladding layer was cut and polished to a thickness of 200 pm. UV
writing of the channel guides was carried out using a 3.1 mm diameter, 200 mW frequency doubled
argozl ion laser beam (1 = 244 nm) focussed using a 35 mm lens through the cladding layer to a waist
at the DB interface. Further details of the channel fabrication and SGBN glass composition can be
found in Gawith (2002) ',

3.3.2 Channe] waveguide characterisation

Characterisation of the spectroscopy, laser performance and propagation loss was carried out
using a sample cut and polished to a length of 7.5 mum; a longer sample than the original Nd:BK7
planar guide to compensate for the Jower doping level present in the Nd:SGBN. The testing was
carried out using the same procedure as that for the onginal DB-IE planar guide, with an 808 nrn Ti-
sapphire purnp laser end-focussed to a spot size of 3 pm. However the pump coupling was not fully
optimised to match the channel waveguide mode for this mitial characterisation, resulting in a low
Jaunch efficiency of only 7;=0.13. The low Nd doping level in this guide also resulted in low pump
absorption. The absorption efficiency 77, was measured to decrease from 0.37 for an incident pump
power of 50 mW to 0.14 for the maximum available incident pump power of 550 mW, pump
saturation limiting 7, at high pump powers for these far from optirnised structures. The low value of
the available absorbed pump power limited the signal at the laser wavelength. A typical fluorescence
spectrum from the Nd:SGBN channel guides is shown below in figure 3.3.2 and although the low
intensity part of the signal was below the threshold of detection, the spectrum 1is consistent with that
obtained from the original Nd:BK7 planar guide, as was the measured 1/e fluorescence lifetime of

470 ps.
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Figure 3.3.2 (a) Arrangement for laser operation of UV written DB-IE channel waveguides )
(b) Emission spectrum for the *Fy, —*1;,,, Nd transition o
(line : unpola.:jsed flouresence spectrum, solid : TM polarised laser emission. gt
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Laser operation was achieved using the same murror set as used for the planar guide. For two
HR mirrors an absorbed pump power threshold of 2.7 mW was achieved, a significant improvement
over the 21 mW absorbed power threshold observed in the Nd:BK7 planar guide. With a 3% output
coupler the threshold rose to 4.5 mW and a slope efficiency of 9% with respect to absorbed pump
power was obtained, again an improvement over the original planar guide due to a better overlap of
the pump and laser modes in the channel guides. The maximum output power for this configuration
was only 2 mW due to the low value of absorbed pump power available (32 mW). The laser was TM
polarised for the UV written Nd:SGBN channel guides, as opposed to the TE emission observed in
the Nd:BK7 planar guides. UV-written and ion-exchanged structures both display stress induced
birefringence ?*®, and the dominant mechanisms that control the polarisation of the laser emission
warrants future investigation. The optical modes for both the pump and laser were profiled by
imaging the waveguide output onto a silicon camera using a X 16 objective, and these are shown in
figures 3.3.3 (a) and (b).

The images imdicate single mode pump propagation and laser operation, with guided spot
sizes Wy, = 2.9 pm and w,, = 4 pm for the pump and wy = 3.4 pm and wy,= 5.5 pm for the laser. The
near symmetric mode profiles indicate that these structures offer good possibilities of low-loss optical
fibre coupling and the development of integrated optic devices based on this technology. The optical
losses were estimated using the technique previously described in section 3.2.3. The Findlay-Clay
plot for the channel guides is shown in figure 3.3.4, and corresponds to an optical loss of 0.1 dB/cm
ind{cating that the introduction of lateral confinement by UV writing does not increase the overall
propagation loss. The measured spot sizes and slope efficiency of 9 % with respect to absorbed power
gives an absolute upper limit of < 0.3 dB/cm for the propagation loss, which is comparable to the best

direct UV written channel waveguides in germanosilica layers (< 0.2 dB/cm) ue,
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3.4 Summary

The DB-IE process provides a useful route to realising a buried platform for the fabrication of
active integrated optic circuits 1 borosilicate glasses. The initial characterisation of the planar
structures shows that direct-bonded i1on-exchange is capable of producing guidés with optical losses
of <0.4 dB/em comparable to those produced by conventional ion-exchange techniques.
Photosensitivity can be mtroduced into these structures by using a germanium doped active
superstrate which allows buried channel waveguides to be directly written into these structures using
a UV laser. The characterisation of Nd:SGBN structures shows that these channel structures have
optical losses of <0.3 dB/cm and absorbed power thresholds < 10 mW and provide a near symmetric
laser output which should be compatible with low-loss coupling to optical fibres. The initial problems
with annealing the glass which limited the RE active ion content for this initial demonstration is now
being addressed and 5 wit% erbium doped SGBN has now been produced #"). Direct bonding of these
samples should allow the development of erbium-doped lasers operating at 1540 nm %, suitable for
applications in the field of telecommunications, as this is the wavelength of minimum attenuation for
single mode silica fibres.

Glass substrates can be produced in large sizes and direct bonding would allow the
production of large-scale platforms that could be cut to a number of smaller devices. UV writing
allows autornated fabrication of three-dimensional devices on these platforms without the need for
photolithography, offering a low-cost and versatile route to the large-scale production of 2 wide

variety of active integrated optical components.
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Chapter 4

LANTHANUM FLUORIDE CRYSTAL
WAVEGUIDE LASERS

4.1 Introduction

This chapter describes the optical characterisation of novel fluoride waveguide lasers. The
first laser action from a dielectric waveguide fabricated by molecular beam epitaxy is demonstrated.
The specﬁoscopy and laser operation of Nd:LaF; thin films is characterised, and the design and
fabrication of channel waveguide lasers is investigated in a step towards developing integrated optical
components on these thin films. Two techniques of producing slab-loaded channel lasers are
demonstrated; etching using an argon ion beam and a novel technique using a photo-definable
polymer. The waveguide structures reported here constitute the lowest phonon energy dielectric to
show laser emission to date, offering the potential of developing compact integrated mid-infrared

waveguide sources based on this technology.
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4.2 Lanthanum fluoride waveguide lasers

4.2.1 Mid-IR waveguide sources

Fluoride waveguide lasers offer the potential to develop compact integrated laser sources that
operate in the mid-IR. In recent years growhg environmental concerns and increasingly stringent
safety regulations have provided a strong incentive to develop low-cost, portable, room temperature
laser gas sensors that operate in the mid-IR wavelength range (2 -20 pm). The mid-JR encompasses
strong fundamental molecular absorptions bands of many atmospheric pollutants and toxic gases,
including many hydrocarbons and greenhouse gases. Laser based gas sensors offer an exceptional
combination of selectivity, real-time monitoring and sensitivity (detection down to parts-per-billion
are readily achievable), however, their use has been limited because of the prohibitively high cost.
The development of cheap, mass-producible sources for trace gas sensors would have a strong impact
on quality control in many industries, especially for monitoring of toxic gases from industrial
smokestacks and landfill sites and on-line monitoring of vehicle emissions and other environmental
pollutants.

Solid-state guided-wave devices offer a promising route to the production of these types of
mid-IR sources due to their inherent compactness, ruggedness and reliability. Mid-IR semiconductor
diode technology is well established, and small bandgap Pb-salt based mid-IR diode lasers are
commercially available. Although these diodes have been demonstrated to be suitable for trace-gas
monitoring applications ", they only operate below room temperature and the required cooling
apparatus increases both the cost and size of these systéms. These diodes are also typically less
robust, less reliable and more difficult to fabricate than their near-IR counterparts (GaAs and InP). A
more promising semiconductor based system, and one that is a very active area of research, is the
quantum cascade laser %!, These have the advantage that they are based on more mature GaAs and
InP technology, and achieve mid-IR emission by a multi-step cascade process. Their cascaded nature
means that these devices have efficiencies typically orders of magnitudes greater than those of diode
lasers, and these lasers are now reaching cw operation at room temperature B

Progress is also being made in RE-doped dielectric waveguide devices. The optical
confinement of both planar and fibre geometries means that optically-pumped dielectric waveguides
can offer Iqﬁv'.ﬂl;esh?lds and high efficiencies. They also have the potential for cw operation at room
temperatu uh'the additional benefits of energy storage for g-switched applications. The limiting
fggfo n:ac leMm'E»f‘-lﬁidle emission from RE-doped dielectric materials is the non-radiative decay of

Frions via multi-phonon emission. Consequently there has been comsiderable

¢ 3t of waveguide devices with low phonon energy materials such as fluorides.
g :;:.::.o__\f; fluorozirconate (ZBL.AN) fibre waveguides (471 These have been

iz ™ to 3.9um, . and an output power of nearly 700 mW has been

T
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reported from a diode-pumped device at 2.7 pm, Bl Demonstrations of laser action in fluoride planar
geometries have so far been quite limited, with only reports of near-IR operation of Nd:YLF grown
by liquid-phase-epitaxy ™, Nd-doped fluoroaluminate glass by spin coating ©, and this work on
Nd:LaF, thin films fabricated by MBE ',

4.2.2 MBE LaF}; thin-films

MBE is a well-developed and versatile thin-film growth technique, which in principle is a
straightforward deposition process in which thermally generated molecular beams are crystallized on
a suitability-orientated substrate. The main attributes of MBE are a low growth temperature, which
limits diffusion and maintains hyper abrupt interfaces, and low growth rate, which allows very
accurate mono-atomic layer control. Although MBE is most widely used for the production of semi-
conductor devices, several groups around the world have studied the growth of fluorides 00-B] - Rare-
earth-doped ZnF,, PbF,, CaF,, and LaF; have all been grown with various substrate materials,
including GaAs and Si, however, excluding the work here, no laser action has been reported.

MBE offers an attractive method for the fabrication of fluoride waveguide lasers. Epitaxial
thin films with the correct stoichiometry can be produced at low growth rates, allowing accurate

(04 and at low temperatures, which has been shown

control over both layer thickness and composition
to be favourable for the incorporation of RE ions into the fluoride host '), Separate growth cells can
be used for the host and RE dopant, which allows the doping level to be easily varied and optimised.
There is also the potential for more sophisticated waveguide engineering as the thin film composition
can be varied by changing the molecular beam fluxes to prbvide the desired refractive index or doping
profile; the latter, for example, could be used for spatial mode control M.

LaF, has a number of properties that make it attractive for active waveguide structures. In
contrast to divalent flourides, the LaF; crystal lattice can accommodate triply ionised RE ions (such as
Nd&** and Er'") substitutionally into the La crystal site, without suffering from charge compensating
defects or RE cluster formation. LaF; doped with Nd was in fact one of the first non-oxide based
materials to show cw laser emission at room temperature !, In common with other flouride materials
LaF; has low phonon energies, with a maximum phonon energy of between 350-400 cm™ ' which
compares favourably with that of ZBLAN (520 cm™), offering the potential of developing mid-IR
sources.

To prepare high quality waveguiding structures using MBE growth methods, it is necessary to
meet a number of material requirements simultaneously. The doped active layer must have a

refractive index larger than that of the adjacent material to confine the optlca] mode, there must be

thermal expansion co-efficients must as small as possible to reduce strain induced cxystal " Pcts The
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Figure 4.2.1

growth of LaF; on CaF, substrates meets these requirements well 1% Both (111) orientated CaF, and
the tysonite structure of LaF; display a hexagonal surface arrangement of ions with lattice constants
of 3.864 A and 4.148 A respectively, and they have closely matched thermal expansion co-efficients
(=19 x1 0°K!'and 17 x 10¢ K7, respectively). Furthermore, there is a large difference in refractive
index between the CaF, substrate and the LaF; thin film "*?% which results in high NA (~0.7)
structures that allow strong optical confinement in small core waveguides at both near-IR
wavelengths and into the mid-IR. As an example figure 4.2.1 shows the calculated mode profiles for
these structures (for a typical active region depth of 3.6 wm) at a wavelength of 1 and 3 pm. For the
first demonstration of laser action from RE-doped waveguides fabricated by MBE, and as an initial
step towards developing mid-IR waveguides, Nd-doped LaF; thin films operating at near-IR

Intensity (a.u)

Lanthanum fluoride crystal ywaveguide lasers

() (b)
Can LaF:i CaF2 C3F2 L&Fa Ca.F;
] T /| B T T |\ ¥ ] — - T T Tl [ l T i
4 2 0 2 4 4 2 0 2 4
x (um) x (pn1)

Predicted fundamental mode of LaF,/CaF, MBE thin films at 2 wavelength of
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wavelengths are investigated and characterised.
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4.3 Nd:LaF; thin film laser

4.3.1 MBE Nd:La¥, thin-film fabrication

The thin films wsed in the reported work were fabricated by our ‘collaborators at the
Laboratoire d’Analyze et d’Architecture des Systémes (LAAS) in Toulouse, France. The MBE
chamber used to fabricate our thin films 1s equipped with eight Knudsen effusion cells, however only
three of these were used to produce the Nd-doped LaF; on CaF, structures. The first cell was loaded
with a CaF, crystal for the growth of the cladding layer, and the other cells were loaded with LaF;
crystal pieces and NdF; compacted powder, for the production of the Nd:LaF; active layer. Each of
the three cells were calibrated separately, by growing separate films of the constituent compounds to
determine the dependence of growth rate on cell temperature. The temperature of the cells could then
be varied to give accurate control over the layer thickness and composition of the final structure. In
particular, the use of two separate cells for the host and dopant, allowed the doping level to easily be
changed by varying the NdF; beam flux, to optimise the Nd to LaF; content of the active layer. High -
resolution spectroscopy of thin films with varying composition was used to determine the optimum
doping level, which was found to be 1 2t% for the Nd-doped films #').

Before carrying out the growth of the thin film, the CaF, substrates were degreased using hot
trichloroethylene and acetone, and then rinsed with de-ionised water before being mounted onto a
molybdenum block (using indium soldering) and placed in the chamber. The substrate was then
prepared for the growth of the active layer by preheating it (to a temperature above 600°C) under
vacuum to ensure the surface was oxygen-free. The rare-earth-doped LaF, layer was then grown
under ultra-high-vacuum on this prepared substrate using the LaF; and NdF; cells at temperatures of
1165°C and 993°C, respectively. Under these conditions a thin-film growth rate of 0.6 pm per hour

was obtained.
4,3.2 MBE Nd:LaF; thin film characterisation

The MBE grown thin film was characterised in terms of spectroscopy, propagation loss and
laser performance using a 3.6pm-thick Nd:LaF, guide with a 0.5pm CaF, claddmg layer, cut and
polished to a length of 7.5 mm. The maximum phonon energy of the Nd:LaF,/CaF, MBE. thm ﬁlms

was investigated by Rarnan spectroscopy using a Renishaw Raman microscope systcm and &7 0 mW

Helium-Neon laser (. = 633 nm). The resulting spectrum is shown in figure 4.3.1 ovcrleaf "'\‘iia.long w1th
that obtained from a bulk LaF; crystal. As can be seen, the two spectra are smglgg,:;an.u ite 2
maximum phonon energy of 380cm™ for the thin film, which is consistent with pru l.p 24 th

values for LaF, 8.
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Figure 4.3.1 Raman spectra of bulk and MBE grown thin film LaF;.
(the thin film spectra is offset for ease of comparison)
X10
@) W:’Z‘:riifh‘ objectives Spectrograph
ATy T T > I ______
N —
______ A 1y i1
R l, K 1 / /I
| / I\@E "‘\\U/ '“| \\vl lp
Spherical Nd:LaF; thin AVAYAV:
lenses film = =2
(b)
o ﬂ
&
g |
g
g (
2
{ /\ \x JLJ
500 800
Wavelcngth (nm)
Figure 4.3.2 (2) Apparatus for white light absorption spectroscopy.

Lanthanum fluoride crystal waveguide lasers

900

(b) Unpolarised absorption spectra (corrected for the response of the systcn




Chapter 4 Lanthanum fluoride crystal wavegnide lasers

Unpolarised absorption spectroscopy was carried out using a tungsten lamp white light
source. The light was coupled into the waveguide using 2 large numerical aperture lens and the output
was imaged with a microscope objective, mto a Princeton Applied Research digital triple grating
spectrograph with a silicon CCD detector array as shown i figure 4.3.2(a). The resulting absorption
spectrum was corrected for the system response, which was measured with the waveguide removed
from the apparatus, and 1s shown in figure 4.3.2(b). The spectrum is in good agreement with that of
the bulk crystal 2,

Ermission spectroscopy was carried out using the apparatus shown in figure 4.3.3(2) at room
temperature with the Ti-sapphire laser tuned to 792 nm to excite the “Fsp level of the Nd ion. The
resulting luminescence was detected using an optical spectrum analyser, via a polariser and pump
filter. The energy level diagram @31 and spectra for the “Fap —*1,12 transition around 1064 nm is shown
below in figure 4.3.3, and is in good agreement with that of bulk Nd:LaF; ¥, A resonator was formed
by attaching two plane dielectric mirrors to the polished end faces of the waveguide with fluorinated
liqud for adherence. The MBE thin film gave TM polarised laser emission (corresponding to the 7

polarisation of the crystal) at 1.064 um as would be expected from the fluorescence spectra (figure
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Figure 4.3.3 (4) Apparatus for emission spectroscopy. »
(b) Energy level diagram for Nd:LaFs, **) showing pump and fluorescence transiti
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4.3.3(c)). Using two highly refiecting mirrors 2 minimum absorbed pump-power threshold of 85 mW

was achieved. By changing the output mirror to one with a transmission of 23%, the threshold rose to

140 mW and with this output coupling a maximum laser output power of 28 mW (for the available

440 mW of pump power) and a slope efficiency of 11 % was achieved, as shown in figure 4.3.4.

The optical loss of the thin film was estimated by the Findlay-Clay method as described in

section 3.2.3 of chapter 3. The variation of laser threshold with different output couplers is shown in

figure 4.3.5, and indicates that our planar thin film have quite a high propagation loss of 1.2 dB/cm.

Nevertheless, the first laser action from a thin film fabricated by MBE had been demonstrated.

Figure 4.3.5
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4.4 Nd:LaF; channel waveguide lasers

4.4.1 Slab-loaded charinel waveguides

Channel waveguides have a number of advantages over their thin film counterparts that make
them attractive sources for low power applications. The additional lateral confinement of both the
pump and laser modes meaps that lower threshold devices are possible while, if additional
propagation losses can be kept Jow, good slope efficiencies can be maintained. The channel geometry
also provides a more circular spatial output, making them more compatible for low-loss coupling to
fibre optic components. In addition, both passive and active channels can be integrated with other
components on a smgle planar substrate to produce integrated optoelectronic circuits.

The work reported here describes the design, fabrication and laser operation of slab-loaded
channel waveguides. Slab-loaded channels can be fabricated by using micro-structuring techmques to
fabricate a strip layer, of lower refractive index, over the light guiding core. These provide lateral
confinement of the pump and laser modes because the effective refractive index experienced by the
guided light is higher in the regions undemeath the strip layer than in the adjacent planar areas which
have an air cladding (figure 4.4.1(2)). Compared to other channel structures, these structures have the
advantage that no modification of the active layer is required, making them suitable for the first
demonstration of channel waveguides on MBE LaF; thin films.

Two techniques of fabricating slab-loaded channel lasers on Nd:LaF; thin films are
investigated and discussed m the following sections. The first is via etching using an argon ion-beam
and the second is a novel method for producing slab-loaded channel lasers using an organic photo-
definable polymer, benzocyclobutene (BCB). These structures were designed using a commercial
modelling package (BBV Selene), using the refractive index values in table 4.4.1 (b) to calculate the
predicted mode profiles by the effective index method.

Cladding channel — Gfo
(a) ’—‘ BCB polymer
Core ) Nd:LaF,
Substrate _ CaF,
(b) Wavelength(um) CaF, %% LaF; (n.) 1) BCR®)
0.79 1.43065 1.59189 1.5512
1.06 1.42856 1.58922 - 1.5448
Figure 4.4.1 (2) Schematic slab-loaded channel waveguide and materials combimations wsed: ™, -,

(b) Refractive indices of component materials.
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4.4.2 Ton-beam etched channel design and fabrication

Ion-beam etching (or physical sputtering) is 2 versatile and accurate micro-structuring
technique % and has been used to fabricate low-loss charmel waveguide lasers on dielectric thin films
27 The main attraction of ion-beam etching is that a high degree of conirol can be achieved. The ion
energy, ion current density, etch angle and background pressure can all be varied independently to
obtain optimum results.

To produce slab-loaded structures, a thin film with a cladding layer is required.
Photolithography can then be used to prepare a positive-relief photoresist mask of the channels on this
film so that when it is ion-beam etched the exposed areas of the cladding are removed to structure the
thin film. For our Nd:LaF;/CaF, MBE thin films, with a 3.6 pm core and 0.3 um cladding, this results
n the type of structure shown in figure 4.42(2). The example shown is for a 8 pm wide channel,
which confines the mode in the plane of the thin with a predicted (average, 1/e) mode spot size of
13.2 pum at the laser wavelength (1064 nm). However, this idealised type of structure requires very
accurate control over the fabrication process to etch exactly the right depth of material and so 1is
difficult to produce from a practical point of view. If the chanmel is under etched, then this can
significantly reduce the optical confinement of the slab-loaded structure, for example if 0.1 pm of
cladding remains on the surface of the 8 um wide channel, the fundamental mode spot size almost
doubles to 24.7 pm as illustrated m figure 4.4.2(b). If the structure is over etched by the same amount,
removing 0.1 pm of the active layer, this should provide an adequate safety margin to ensure that all
the cladding is removed in the areas adjacent to the channels. This type of design, that can be thought
of as a slab-loaded/rib hybrid channel also results in stronger optical confinement than the ideal slab-
loaded structure, as illustrated in figure 4.4.3(a) for the 8 pm wide channel with a fundamental mode
spot size of 8.3 um.

This hybnid design also provides stronger confinement than the equivalent rib channe]
structure shown in figure 4.4.3(b), where 0.1 um deep ribs are etched on an unclad film, giving a
fundamental spot size of 12.2 um. Our design also minimises the invasive nature of conventional rib
structures and preserves the advantages of a protective cladding 1aye} of slabJoaded structures
(which, as discussed later, proved to be a very useful design feature).

The hybrid slab-loaded/mib structures were fabricated using a photolithographic mask
prepared using Microposit $1828 photo-resist spun on to the clad thin film to produce a 3 pm thick
resist layer. The resist-covered film was baked for 10 minutes at 90°C, before being expdscd toa uv
lamp through 2 patterned chrome mask and developed to remove the unexposed regmns of photo-
resist. The masked film was then baked for a further 30 minutes at 120°C, to remove anm ICSlduaI
solvents and mounted in the ion-beam chamber on a rotating holder, at an ang‘l" »ow The

structires were etched using an argon-ion beam in an ambient air a’cmosp_hﬁi Of
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1.3 x 10 mbar with the argon-ion energy set to 500 eV and the ion current density to 0.45mA/cm?.
" The thin film was etched for a total 14 minutes to remove 0.4 wum of the unprotected regions of the
thin film to produce the hybrid channel design.

A number of structures were successfully produced, with widths of 8, 11, 13, 17 and 20 um,
however some post-fabrication problems were encountered. It was not possiblg to remove all the
photoresist remnants from the top of some of t}l'lc structures using either acetone or nitric acid (more
abrasive methods could not be used due to the fragility of the structures). However, it is unlikely that
these photoresist remnants significantly effect the operation of the device, as the scattering loss is not
Tikely to be very high due to the negligible pump and laser mode intensities expected at the cladding-

awr mnterface.
4.4.3 BCB-overlay channel design and fabrication

As an alternative approach to 1on-beam etching, channel waveguides were fabricated using BCB
polymer overlays. The low-cost of polymer materials, combined with their versatility (in terms of
waveguide geometry, material properties and architecture ) makes them very atiractive for the
fabrication of mtegrated optical components. Specifically, benzocyclobutene (BCB) is an organic
polymer with excellent planarisation, low moisture uptake, good adhesion and thermal stability %),
Although BCB was originally developed as a thin-film dielectric coating for use in electronic multi-
chip-modules !, its low optical Joss (0.8 dB/cm at 1.3 pm) and refractive index of 1.5489 B9 (at 0.8
pm), makes it suitable for combining with LaF; planar films to make slab-loaded channel waveguide
structures. BCB has previously been used to produce passive wavegnide components ®%, however (to
the best of the author’s knowledge) the reported work represents the first active channel device that
incorporates this polymer.

BCB is available from DOW Chemical in a photosensitive form, which can be processed by
using standard photolithographic techniques alone without the need for any etching. This greatly
reduces both the time and cost of fabrication (compared to methods such as ion-beamn etching) making
it an attractive means for fabricating slab-loaded structures, from both a commercial and practical
point of view.

Our collaborators at LAAS, fabricated the BCB channels on an unclad thin film, which originally

0'0{1§i_5' T b J.m:lccp Nd:LaF; layer on 2 CaF, substrate. The BCB can easily and quickly be
applid >y spin coating, and then processed using the standard photolithographic
] t< e 3.5. um thick layer, the BCB was spun on to the film at 4000 rpm for 30s,
8 Tl I )s, and was then pre-baked at 80°C for 95s in air to remove any residual

‘patterned by placing the prepared sample in contact with a patterned

“{UV lamp. After exposure, the sample was developed by immersing
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Figure 4.4.4 Completed BCB channel waveguide structures viewed throngh microscope with widths of
(a) 50 pm (b) 20 pm (¢) 10 pm (d) S pm
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Figure 4.4.5 ‘Channel structure and predicted findamental mode profiles for 20 pm wide BCB channel

it m solvent to remove the unexposed regions of the BCB, leaving the channel structures. To complete
the processing, the BCB was polymerised by curing it at 250°C for one hour in a tube furnace under
nitrogen flow. The sample displayed well-defined channels and showed a smooth surface between
these St[llcﬁjﬁ'éﬁ 4dherence of the BCB to the Nd:LaF, was sufficient to allow a standard end-
polishing; - ing ™ ‘:;a}zcguides as viewed through a microscope in figure 4.4.4. Similarly to the
jon-mill IV
range 10m moaec supporting up to 6 modes in the lateral dimension. However, in

. Eow structures the BCB channels provide stronger lateral confinement of the

ese guides support many modes in the vertical dimension at 1.06um, and
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optical mode due to the greater physical size of the loading strip. Modelling of these guides shows
that the strongest lateral confinement at 1.06um is obtained for the 10pm and Sum width strips, which
both give a mode spot size of around 5 pm. In practice many of our resulis were taken using a 20pm
width BCB strip, as described in the next section, which could support up to 3 lateral modes and had a

predicted fundamental mode spot size of 9.7 pum, as illustrated in figare 4.4.5. R

4.,4.4 Channel characterisation

Both types of channels were mounted on translation stages, which were calibrated in the y
direction to aid channel alignment and identification, and tested using a Ti-sapphire laser. As with the
original thin film, initially, the Ti-sapphire laser output was coupled into the device using a single x
25 microscope abjective to produce a circular pump focus at the waveguide input face.

The optical confinement of the jon-beam etched structures was investigated by tuning the Ti-
sapphire laser to 800nm and imaging the channel output onto a CCD camera, using another
microscope objective (this could not be carried out at the precise pump wavelength of 792 nm
because the strong Nd** absorption leads to a low signal at the CCD camera). The experimentally
observed mode profiles for the smallest (8 um) and largest (20 wm) width channels are presented in
figure 4.4.6. For the circular pump input spot matched to the waveguide fundamental mode in the
plane of the thin film (x-direction) we would expect single mode propagation in this axis for both
structures. In the y-direction, the 8 um wide channel should only support 2 single mode at 800 nm,
while the 20 pm channel can, in theory, support two modes and so the modal content of the
experimental image for this structure is less certain. Nevertheless, the tmages certainly show that we
have achieved the optical confinement we were aiming for.

As with the thin film, laser operation of the ion-milled channels was achieved by attaching thin
dielectric mirrors to the end faces of the guide using fluorinated liquid and pumping at 792 nm. This
gave TM polarised laser emission at 1.064pm with pump power thresholds, incident on the mput

mirror, as low as 26 mW.

Figure 4.4.6 Pump transmission at 800 nm for ion beam milled channels
(2) 8 pm wide (b) 20 um wide
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Fignre 4.4.7 Fmmdlay-Clay plot for 8 pm wide ion-beam etched Nd:LaF; thin film

A range of output couplers were used in an attempt to estimate the channel propagation loss by
the Findlay-Clay method, however the small surface area of the channel end-faces made it difficult to
ensure good mirror contact and there was variation of approximately 10% in the thresholds between
meadsurements. The results of this analysis for the 8pm wide channel, shown in figure 4.4.7 (the error
bars show the threshold variation) suggests a propagation loss of around 1 dB/cm, which 1s consistent
with the value obtained for the planar thin film prior to ion beam milling (section 4.2.3). The
continued re-attachment of mirrors quickly led to damage to the end-faces of the wavegnide and this
damage hindered and limited the full characterisatioﬁ of these devices so that it was not possible to
use beam shaping optics to improve the (~30 %) launch efficiency or to fully investigate the pump
and laser optical modes. This damage, combined with the use of launching optics not matched to the
asymmetric mode profile of the channels is the most likely cause of the low output power of just
5mW observed when using a 23% output coupler and 300mW of incident power. Nevertheless,
despite these problems, a large reduction (x5) in the incident power required to reach threshold
compared to the thin film waveguide had already been obtained and the results indicate that lateral
confinement can be introduced without significantly increasing the propagation loss.

The BCB channel waveguides were also tested using the same procedure. Once again a large
variation in the quality of the channel guides was observed and so it was decided to concentrate on 2
20um wide stripe channel, which gave relatively good performance. However in an attempt to
improve the channel performance a cylindrical-lens telescope was used before the launch objective to

shape the beam to an asymmetric beam focus better-matched to the expected mode profile of the

waveguide (figure 4.4.5).
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Figure 4.4.8 Experimental testing of BCR channels (top view)

(2) without telescope (b) with cylindrical lens telescope (c) laser resonator

For the 20pm channel the calculated ratio of the mode width to height is around 6.6 and using a
telescope of similar magnification as illustrated m figure 4.4.8 it was possible to increase the
measured launch efficiency from 30% (with no telescope) to as high as 73%. Using a final spherical

focussing lens of focal length 10.8 mm and a 23% output coupler the laser results shown below in

figure 4.4.9 were achieved.
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Figure 4.4.9

Output power as 2 function of absorbed power for 20 jum BCB channel.
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The efficiency of 14% with respect to absorbed power 1s similar to 11% efficiency observed in
the planar thin film using the same output couphng. The lowest observed incident power threshold of
17mW for a 23% output coupler 1s 2.6 times lower m comparison to the ion-etched channels, but this
can be attributed to the improved launching optics used in the case of the BCB channels. Before end-
face damage preceded too far we were also able to observe laser action at 1.3pm using two highly
reflecting mirrors at this wavelength. However, this was using the non-optimised launching optics
and so the observed incident power threshold of 250mW could certainly be improved upon.

It was not possible to cairy out a Findlay-Clay analysis for these guides because the end-faces
again became damaged due to the re-attachment of mirrors. However, the slope efficiency can be used
to give an upper limit of the propagation loss. Using the procedure outlined in chapter 3, this gives an
upper limit of <2 dB/om for these structures. This again suggests that a negligible increase in
propagation loss has been incurred due the application and structuring of the BCB cladding layer.

Although, the test procedure used to characterise our fragile LaF, crystal devices proved to be
harmful to the prototype devices reported here and eventually lead to destruction of the charmel
structures after continued end-face polishing and mirror attachment, the limited results show that high
quality slab-loaded channel waveguides can be fabricated on our MBE thin films. The mode profiles
show that we have obtained the optical confinement we were aiming for, and the laser operation

shows that low threshold devices can be produced.

60



Chapter 4 Lanthanum fluoride crystal waveguide lasers
1ap

4.5 Summary

The first dielectric waveguide lasers fabricated by molecular beam epitaxy have been
demonstrated. The spectroscopic characterisation of the neodynium thin films shows the MBE
process is well suited to producing high quality crystalline structures, with a phonon energy cut-off
around 380 cm™, in good agrement to that found in the bulk crystal. The laser operation of these thin
films show that the propagation loss is quite high (1 dB/cm) and future work should concentrate on
lowering this loss level to improve efficiency and facilitate low threshold operation. Channel
waveguides were fabricated on the thin films by two different methods; ion beam etching and the
novel BCB overlay technique. Although an exhaustive characterisation of these devices was not
possible due to the fragility of the structures, the results are consistent with a negligible increase in
propagation loss compared to the background level of the MBE thin film and the increased optical
confinement of the channel geometry leads to a significant reduction in laser threshold. The high
index difference between CaF, and LaF, allows the small core size waveguide designs investigated
here to be used for strong optical confinement out to mid-IR wavelengths. The prototype channel
devices demonstrated, together with the exceptional control of the MBE fabrication method and
possibilities: for ntegration, makes MBE LaF; waveguides an interesting candidate for mid-IR laser

sources, and this is discussed further in chapter 6.
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Chapter 5

WAVEGUIDES FOR HIGH AVERAGE
POWER LASERS

5.1 Introduction

This chapter reports the development of high-power planar waveguide lasers. Proximity
coupling - the direct coupling of diode-bar pump radiation into the waveguide without any
intervening optics is investigated. Suitable waveguide structures are considered and 90 % pump

coupling efficiencies are demonstrated for RE-doped YAG on sapphire waveguides fabricated by

direct-bonding. Double-clad planar waveguides are utilised for spatial-mode contro! in the guided axis
of the waveguide. The theory of transverse-mode selection by confined doping is developed and
applied to design a double-clad planar waveguide. The first double-clad planar waveguide is
demonstrated using a direct-bonded RE-doped YAG/YAG/sapphire device. This is then combined
with proximity coupling to produce a very compact and simple diode-pumped laser system with

diffraction-limited performance in the guided axis.
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5.2 Pump delivery

5.2.1 Diode-bar pumped lasers

Efficient pump delivery is a critical factor for scaling solid-state lasers to high powers. A
typical high power diode pump source is illustrated below in figure 5.2.1. The diode-bar laser consists
of a linear array of a number of individual emitters each with typical dimensions of 1 um by 200 um,
and there are usually about 20 such emitters equally spaced at about 200 pm apart, giving an overall
emisston aperture of 1 um by 10 mm. This exiremely asymmetric aperture 1s responsible for an output
beam that has highly asymmetric spatial and divergence properties. The divergence in the plane of the
array 1s smaller, however the segmented nature of the aperture results mn an output with a very low
beam quality, with an M? of several thousand. In the vertical plane orthogonal to the emitter array, the
beam is near diffraction himited, however the small vertical dimension of the emitier means that this is
highly divergent. The effective coupling of this highly divergent, asymmetric, non-diffraction limited
pump beam into the laser medium is a2 major 1ssue for diode-bar pumped lasers. Various techniques
have been used in bulk laser systems including multi-prism arrays ', reflective chambers *, fibre
coupling ™), Tens ducts 1 and other beam shaping optics @/, while in fibre lasers, v-groove designs !
and beam shaping have been combined with cladding-pumped geometries . The planar waveguide
has the distinct advantage that it is geometricaily well suited to the output of diode-bars, reducing the

need for beam shaping and offering the potential to develop systems with efficient and compact pump

delivery.
(a)
M=1
: 1 pm
M2 =2000 \ ' 5200 gum 5200 urn
Figure 5.2.1-  High power diode-bar pump sources

(a) Typical oufput beam characteristics (b) Typical emitter-array dimensions
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The planar geometry permts three basic pumping configurations; face, end or side pumping,
as 1llustrated in figure 5.2.2. Transversely pumping the waveguide through the largest face of the slab
has the attraction of being area-scalable, and recent work has demonstrated that pump powers of
450W can be used by stacking 10 diode-bars across the top face of an Nd:YAG guide "% Although
face pumping avoids the requirement of launching the pump light into the guide, and consequently
does not require precision alignment or micro-optics for the diode-pump, face-pumped waveguides
suffer from low single-pass pump absorption, lirnted by the depth of the active core. To overcome
this problem a relatively thick (200 um) core combined with a rectangular reflectance chamber to
allow multiple passes of the pump have been used * 'L Although face-pumped configurations have
shown the highest output powers to date (>100W) "% they lose some of the advantages that a guided

wave geometry has to offer, such as the high gain that can be achieved by confining the pump.

(@ ©

Laser diode bar Laser diode bar

Fibre lens

Pump input siot

Reflectance
charmber

Multz‘-pass\'\- ‘ . Laser
Puymp ~ x
(b) (d)
ya( ~N
Laser diode 4
“ber Pump

ﬁ Laser diode bar

Fibre ]ens? .

Waveguide S

Cylindricat lens Laser
Rod lens

Waveguide

Laser

Figure 5.2.2-  Examples of high power planar waveguide purnping configurations
(2) Face pumping using 2 reflectance chamber (b) End pumping using a three-lens system
(c) Side purmping using two lens syster (d) Proposed proximity side pumping
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b V81 or transversely

In-plane pumping, either longitudinally through the end of the guide
through the side of the guide (1513} 3)lows much smaller waveguide cores and simpler pump delivery
schemes. If the waveguide is used to confine the diode light in the fast divergenée axis, the pump
from a fibre-lens collimated diode can be launched into the guide using a single high NA lens. This
has been combined with a cylindrical Jens in end-pumped configurations to focus the diode beam in
the slow axis. End pumping allows a good match of the pumped volume to the waveguide laser mode
in the free propagation axis leading to efficient operation. However, it is limited to 2 single diode-
pump source, whereas side-pumping allows power scaling by stacking diode-bars along both sides of
the guide and increasing the guide length. Although the overlap of pump and laser modes may: be
relatively poor, side-pumping also has the advantage that focussing in the slow divergence axis is not
necessary as the guide can easily be made long enough to contain the diode pump beam in this axis.

Here the aim is to also eliminate the fast divergence axis coupling optics and directly side-pump the

guide via proximity coupling as illustrated in figure 5.2.2 (d).
5.2.2 Proximity coupling

Proximity coupling can be achieved if a waveguide is positioned close to the diode emitters,

and if the guide has a sufficient NA and core depth (D) to capture the pump beam, as depicted in

£ e
llal.u

wn

2.3 for a three-layer symmetric guide. Assuining that the pump has a top-hat distribution in

o

the slow () axis and is diffraction limited in the fast (x) axis, for a pump beam propagating in the y

direction with the beam waist at the diode emitters (y=0) the pump intensity is given by

-2x°
I, (x,y,2)=1 —_— 5.2.
(X%, 9,2) o(J’)cxp[[wa (y)]2] [52.1]

Where 1, (y) is the peak intensity and w,(y) is the 1/e? radius spot size in the x-direction at a distance y

from the diode-bar. For a waveguide at a distance y = g from the diode bar and if the guide is made

long enough to contain the pump beam in the siow axis the power launched into the guide is

4 2
P(A)=1 ! —_— -
(D=1y(g), | ASXP[[W” (g)]zjax [5.2.2]

Where w,x(g) and Jy(g) are spot size and peak intensity at the guide input face respectively and 7, is
the width of the pump beam in the slow axis. The limit of integration (4) is determined by either the
numerical or physical aperture of the waveguide. If the launched power is limited by the physical
aperture of the waveguide then 4=x; (the bottom half of figure 5.2.3) and x; is simply given by the
half depth of the waveguide.
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Figure 5.2.3-  Schematic of proximity coupling to a three layer symmetric waveguide
TOP: NA limited case BOTTOM: Physical aperture limited case.

The second possibility is that the launched power is limited by the numerical aperture or acceptance
angle §,=sin” (NA) of the waveguide. In this case A= x, =gtand, (the top half of figure 5.2.3) and x,
cap be expressed in terms of the NA by using the trigonometric relationships tang,= sinf), /cosé, and

cos’,= 1-sin’4, to give

x _ sNA [5.2.4]

a
V1-NA2
The limit of integration in equation 5.2.2 is given by which ever is smallest out of x; and x, For x,>x,

(i.e. A=x,) the power is limited by the numerical apertwre of the waveguide, although parts of the

beam with x>x, are incident on the waveguide, they travel at angles greater than those that can be
confined by the NA of the waveguide. For x,<x, (i.e. 4=x,) the power is limited by the physical size
of the waveguide, in this case the waveguide has sufficient NA to guide all of the diode beam that is

incident on core, but obviously any part of the beam that has x>x; cannot be launched into the guide.
The theoretical launch efficiency 7 is given by the fraction P(A)/P(co) where P(co)is the total

power in the beam, and at y = g is given by

| 2 7w, (2)F
P(0)=1,(g)l, _[:CXP [{Tv;é)]_l)ax =L@ |— [5.2.5]
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Figure 5.2.4-  Predicted jaunch efficiency for proximity coupled waveguide
(2) Numerical aperture limited case (x,>x,) (b) Physical aperture limited case (x,<x,)

Taking the ratio of equations 5.2.2 and 5.2.5 gives the following expression for the launch efficiency
via proximity coupling in terms of diode spot size w,(g) at the waveguide input plane, diode to guide

.
separatiocn g, g NAa

A= gNA/V1-NA? D/2
T zr[w,,(g)] L [[w()]] N4/ or f

[5.2.6]
Figure 5.2.4(a) and 5.2.4(b) shows the pump delivery as a function of core depth D and NA

— for the physical and numerical aperture-limited-casesrespectivelyThese-were plotted by evaluating—

equation 5.2.6 for a diode -to guide separation g = 10 pm, which represents a practical limit for
proximity coupling as the emitters of commercially available diode-bars are commonly recessed by
approximately this distance from the diode-bar front facet. The diode was assumed to operate at
A,=808 nm and the FWIIM divergence was taken to be 45° (a typical manufacturers specification for
commercially available diode bars "'®), which corresponds to a spot size at the waveguide input plane
of wp(g) = 4.98 um for a diffraction-limited pump beam. As can be seen the model predicts that for
efficient proximity coupling (7,>90%) a waveguide with an NA of >0.39 and core depth D>8um is
required. ‘
There are a few hmitations of this model that should be noted. Diode-bar manufacture can
often result in the displacement of the centres of individual emitters from each other. If the diode

emitters do not form a perfect linear array this may reduce the launch efficiency, in which case these

...... e 69
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graphs represent a lower limit for the required core depths and numerical apertures. The analysis also
takes no account of parts of the beam travelling at angles beyond the NA of the guide, which would
be partially reflected from the outer cladding-air and substrate-air (or heatsink) interfaces. This latter
effect would increase the power delivery efficiency, although it is expected that this effect would be

small, as on successive passes the power would be diminished due to reflection losses.

5.1.3 Waveguides for proximity coupling

The realisation of an efficient proximity coupled system requires waveguides with relatively
high numerical apertures. Such high NAs cannot in general be achieved by incorporating ions into a
material to increase the refractive index. RE doping in YAG only produces an index change of the
order of 107 corresponding to an N4 of Jess than 0.1 '8 This index change can be increased
slightly if other non-active dopants are also included, for example Ga has also been incorporated in
LPE grown Nd:YAG on YAG guides 1% to increase the NA to nearer 0.2. However, to achieve
efficient proximity coupled systems with launch efficiencies of >90 % an NA>0.39 is required, and it
is necessary to use waveguides constructed of different materials. Two techniques that have recently

attracted interest for the fabrication of high NA, high-power laser waveguides are direct bonding 7"

and epitaxial growth by pulsed-laser assisted deposition (PLD) 2",

ctions of using PLD are low cost, accurate control over layer thickness and
excéptionally quick deposition times, making it an almost ideal fabrication technique. PLD does have
one major drawback; the formation of particulates (macroscopic particles) in the grown layer, which
has limited its use for laser waveguides ®1 The epitaxial growth of Nd:GGG on YAG lasers with
NAs of 0.75 were first demonstrated by Gill (1995) | though the high number of particulates in the
srown layer meant that these structures had losses of nearly 6 dB/cm !, Later work by Anderson

(1997) 42! showed that the losses could be reduced to < 0.5 dB/em if the number of particulates in

the grown layer could be decreased, however no direct correlation between the number of
particulates, waveguide structure and laser performance was reported. As an initial assessment, the
laser performance of a number of unclad PLD Nd:GGG/YAG thin films of varying thickness and
particulate densities were considered. These thin films were fabricated by Steven Barrington of the
University of Southampton using a pulsed KrF excimer laser (A=248 nm) to ablate and deposit a
crystal Nd:GGG target on a (100) orientated YAG substrate and further details of the fabrication
process can be found in Barrington (2001) *%, The variation of laser threshold with particulate density
was investigated using 2 mum long unclad samples of Jayer thickness 2, 4 and & um and particulate
densities ranging from 10* to 107 per cm’. The guides were pumped at 808nm by a Ti-sapphire laser

launched into the guides using a x 25 microscope objective for the 2 and 4 um guides and a x 16

objective for the 8 um thick guides.
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Figure S2.5-  (a) Effect of particulate density and core depth on absorbed power threshold for PLD
Nd:GGG/YAG thin films for a laser cavity with two HR mirrors.
(b) Example of PLD thin film with low number of particulates.
(¢) Example of PLD thin film with high number of particulates.

The laser cavity for all the guides was formed by using two highly reflecting mirrors at the
laser wavelength (1060 nm) and figure 5.2.5 shows the absorbed pump power thresholds obtained for
these films as a function of particulate density. It can be seen that high particulate density has a
detrimental effect on the lasing threshold of these films and that the effect of the particulates hasa————

more dramatic effect on the gutdes with smaller core sizes. An increase in particulate density from 3.5
x 10* t0 9.7 x 10° ¢m™ for the 2 um thick films led to an increase in the absorbed pump power
threshold from 2.5 to 167 mW. A 4 pm thick guide with a particulate density of 3.2 x 10° particulates
cm ?, however, lased easily at 19 mW, and even an increase of up to 1 x 107 particulates cm™ (a very
poor quality film) still lased at around 60 mW. The plot indicates that a 2 um thick guide for
particulate densities this high would be unabie io lase for the available absorbed pump power of 220
mW. The 8 um guide showed low threshold operation regardless of particulate densities, lasing at 2.2
and 12.2 mW with particulate densities of 5.5 x 10* and 6.6 x 10° cm™ respectively, a change in
particulate density of two orders of magmtude. Although a more systematic investigation is required

to fully access the effect of particulates on loss, these mitial results do show that the performance of




PLD guides can be improved by using large core guides. The loss mechanism due to scattering in
wavegnides from particulates is believed to be largely due to surface scattering, as opposed to
scattering from within-the guide, and the increased effect of particulates on the small core structures
can be attributed to this. The particulate size is of the order of guide thickness for the 2 pm guides,
consequently there is a higher probability that the particulates will protrude from the guide surface
leading to higher scattering loss. In the larger guides the particulates are more likely to be enclosed
within the guide and therefore will not contribute as significantly to the loss. These initial results
suggest that low particulates in Nd:GGG structures can be tolerated if thick core sizes (8 pm or
greater) are used, which is not a problem for PLD fabrication as deposition rates of 1 pm min™ are
readily achievable. Surface scattering loss could further be reduced if YAG cladding layers are
deposited on these thin films to form a symmetric waveguide structure; again this is feasible as PLD
allows simple target switching and YAG and GGG have closely matched lattice constants. A thick
core size is also-directly compatible with proximity coupling, and if a core size of 15 um were used,
combined with the NA of 0.75 for these GGG/YAG structures very efficient proximity coupling of
nearly 100 % is predicted (figure 5.2.4).

An altemative fabrication process for high NA guides is direct bonding (DB). The major
advantage of DB is that it does not require a lattice match between the substrate and core materials
used, the only proviso being that the guide layers should display similar thermal expansion co-
efficients. Although the need for precision-poiishing of the components makes the process labour
intensive and consequently more expensive than techniques such as PLD, the versatility of DB makes
it very attractive for the development of high power waveguide lasers. Direct bonded YAG and GGG
structures were first investigated by Brown (1997) 7 and guides with a range of NAs with optical
losses of 0.4 to 0.7 dB/cm were demonstrated. More recent work shows that lower losses of 0.2
dB/cm can be achieved by bonding YAG to sapphire P and these structures are particularly

attractive for the high-power operation of proximity coupled devices as both materials display good

bonding behaviour, have excellent thermal conductivities, and the NA of 0.46 corresponds to a pump
delivery efficiency of more than 95 %.

Of the two high NA guide fabrication techniques discussed here, the high quality and low-
losses of DB YAG on sapphire structures offer the more attractive route to proximity-coupled lasers
at present. DB YAG on sapphire structures are characterised in section 5.3.5 of this chapter and a
double-clad structure with losses of 0.2 dB/em is demonstrated. The results for the PLD guides
however show that pulsed-laser assisted deposition offers a low-cost alternative. Techniques of
controlling particulate formation in PLD structures is an active area of research ®, and the
development of these techniques combined with large core guides holds considerable promise for the

development of low-loss PLD Nd:GGG/Y AG structures that are suitable for proximity coupling.
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5.2.4 Demonstration of proximity coupling

For the initial demonstration of proximity coupling a 10W, 808 nm diode-bar from JenOptik
was used to pump an unclad 8 pum deep 18 x 2 mm DB Nd:YAG on sapphire waveguide. The 8 um
guide core size represents a strong test for the capabilities of proximity coupling in the fast axis, while
the 18 mm guide length is considerably longer than the diode-bar emission aperture of 10mm so that
the pump beam was contained in the slow divergence axis. The experimental arrangement used to tast

proximity coupling is shown schematically in figure 5.2.6 and also n figure 5.2.7(b) overleaf.

(2)

Microscope

Silicon photodicde

10W JenOptic
diode bar

DB Nd:YAG ~__
guide
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manipulator [%
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(b)
Laser 23% oC l
8 um | N&YAG 1‘ A’ -'A':'.','.::E
Pump reflector T Sapphire 10w
Diode-bar
Figure 5.2.6 (a) Experimental arrangement for first demonstration of proximity coupling

(b) Side pumped laser resonator

73




Chapter 5 Waveguides for high average power lasers
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Figure 5.2.7 (a) Microscope view (b) Experimental set-up

(pound coin shown for scale)

Both the waveguide and diode bar were mounted on water-cooled heat sinks, which in tum
were on precision manipulator stages. The diode bar was housed in 2 Perspex box with a inlet at the
top so that nitrogen could be blown across the diode front facet, to ensure that dust or moisture did not
contaminate it. The waveguide fluorescence intensity was monitored using a silicon detector and the
uide separation viewed via a microscope overhezd. The tmage from this was displayed

ILULIUSUUPY

10de to

g

usiﬁg a camera attached to the microscope and is shown in figure 5.2.7.

Proximity coupling was achieved by bringing the diode and wavegunide mto close vicinity (a
few tens of microns) while observing their separation on the microscope. The diode and guide were
then orientated to each other by rotating them using the precision controls on the manipulator stages
so that the separation was equal along the length of the set up, ensuring that the pump input face of
the guide was parallel to the front facet of the diode bar. Angular alignment in the other planes was

carried out by observing the pump diffraction pattern after the guide using an infrared viewer and the
height was adjusted to produce maximum fluorescence intensity from the doped core. After this
preliminary alignment, the waveguide was gently moved towards the diode while maintaining an
optimum launch by making fine adjustments to the height. Observation of the fluorescence intensity
showed that the launched pump power increased as the diode approached the guide, and that the
fluorescence signal became steady once contact between the diode and guide was made.

It should be noted however that this did not represent ‘butt’ coupling of the pump as the diode
emitters were recessed by about 9 um from the front facet of the JenOptik diode-bar (determined by
examining the diode-bar under a microscope prior to proximity coupling). To assess launch efficiency
the pump power before and after the guide was measured. By taking account of the Fresnel reflections

a value of 45 % was calculated for the combined launch and absorption efficiency. The absorption
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was estimated by diode pumpi}lg a bulk piece of Nd:YAG rod with the same doping level, which gave
a value of 3 mm for the absorption length, and corresponds to absorption of about 50% for our 2 mm
wide guide. Thus, we arrive at a figure of nearly 90 % for the proximity coupled launch efficiency,
which is good agreement with the efficiency predicted by the analysis developed in section 5.2.2, and
is clearly a very efficient coupling between the diode-bar and waveguide.

After successfully proximity coupling the diode-bar, a laser cavity was formed by attaching a
high reflector mirror to one end-face and a 23 % transmission output coupler (at 1064 nm) to the other
end face of the waveguide. A high reflector at the pump wavelength (808 nm) was also used to
double-pass the pump to increase the absorbed pump power. This gave 0.5W of unpolarised laser
output for a diode-bar pump power of 6W. This output was however highly multimode, as would be
expected due to the large gain width in the unguided direction and as the NA of 0.46 and guide depth
of 8 pm results in a structure that can support up to seven modes at the laser wavelength in the guided
direction. Nevertheless, the feasibility, compactness and efficiency of proximity coupling had been
demonstrated. Such a coupling scheme could be extended to various in-plane-pumped planar devices,

allowing the development of very compact systems.
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5.3 Double-clad structures

5.3.1 Donble-clad structures for spatial-mode control

Double-clad  structures provide an attractive means of achieving diffraction-limited
performance from multi-mode waveguides. These structures have a central active ion doped layer
surrounded on both sides by undoped layers, which in turn are surrounded by a lower refractive index
outer cladding layer. The outer structure is used to capture the pump radiation and the inner structure
controls the laser beam quality. The way in which the central structure achieves this depends on the
relative size of the doped region. For a small doping fraction the laser mode is selected by the optical
confinement of the RE doped region as this has a higher refractive index than the undoped region.
This type of structure will be termed a waveguide mode selection (WMS) device and is illustrated in
figure 5.3.1(a). Two-dimensional WMS structures have been used quite widely in fibre lasers and
typically have doped to undoped (core to inner-cladding) ratios of less than 0.1. In these cladding
pumped fibres #%), the change of refractive index associated with the RE-doped core is sufficient to
form a separate waveguide within the large NA, multi-mode guide made by the outer layers. The
large NA waveguide of the outer layers captures the diode pump, which is gradually absorbed by the
RE doped region, as it is guided along the fibre. Once the device reaches threshold the low NA guide
made by the inner layers eonfines the laser radiation and, as this is designed to be single mode at the

laser wavelength, diffraction-limited output is achieved. There is a very small overlap of the pump
modes with the doped region in WMS devices, so that the effective pump absorption length for these
structures is greatly increased compared to a fully do;;ed three-layer structure. WMS designs are well
suited to fibre geometries, as devices that are several metres long with very low propagation losses
can readily bé fabricated. Double-clad WMS fibre designs have proved very successful and

diffraction-limited outputs in excess of 100W have been achieved P%.

However, a WMS design is not suitable for a planar geometry because fabrication teohniqﬁes
limit waveguide dimensions to a few centimetres. The approach here is to increase the size of the
doped region so as to increase the overlap of the pump and doped region as illustrated in figure
5.3.1(b). This reduces the effective absorption length, which results in a compact design compatible
with a planar geometry. For these double-clad structures the low NA of the RE-doped region no
longer confines the laser mode (the RE-doped region can no longer support isolated modes, as these
have an appreciable intensity at the outer-cladding interface). The high NA guide of the outer layers
dominates so that the waveguide essentially behaves as a multi-mode three-layer structure. Two-
dimensional structures of this type have been used in large mode area fibre lasers, primarily because
the larger gain region reduces non-linear effects and increases the energy storage capabilities for -

switch applications BY, One might expect multimode Jaser output from such a device, but, as shown




Chapter 3 Waveguides for high average power lusers

- Outer cladding Cladding
(@) (b)
Inner cladding Outer core
Pumped PP
- RE-doped - -
b — RE-doped-core B inner c%‘t‘e . —
region ; Laser Laser

Figure 5.3.1 Waveguide structures and fundamental modes for double-clad structures
(a) Waveguide mode selection (WMS) (b) Gain mode selection (GMS)

in the following section, careful selection of the ratio of doped to undoped regions can be used for
mode discrimination. The mode selection mechanism can be understood by considering the overlap of
the mode with the gain profile. Qualitatively, the resiricted doping means that the fundamental mode
will see the most gain and so reach threshold first. Diffraction-limited output can be maintained at
higher powers because the gain is efficiently extracted by the laser mode leaving no unsaturated gain
for higher-order-mode oscillation. These types of structures will be termed gain mode selection

(GMS) devices as the laser mode is one of the overall five-layer structure and mode discrimination is

——achieved by the restricted doping—Confined-doping has been demonstrated to improve beam quality in
both fibre geometries B1 32 and bulk systems {33], however, no theoretical investigation of how a
restricted gain region can lead to mode discrimination had previously been reported (to the best of the
author’s knowledge). This is presented in the following section ¥}, and is then applied to design a
five-layer planar waveguide.

In WMS devices, such as cladding-pumped fibres, the outer layers are conventionally termed
the outer cladding, the inner undoped layers the inner cladding and the RE-doped region the core.
Although, physically GMS devices are very similar, it would be misleading to use the same
terminology as the RE-doped core does not form a separate waveguide structure. The proposed
labelling of this structure is shown in figure 5.3.1(b); the whole central three-layer structure (doped

and undoped regions) will be referred to as the core (or inner and outer core) and the outer layers as

the cladding.

17
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5.3.2 Theory of gain mode selection

The way in-which a confined doping profile can lead to preferential selection of the
fundamental mode for laser action can be modelled by considering how the gain saturates with
increasing laser power. Using the rate equation analysis and terminology described in chapter 2 (and
originally formulated by Fan (51 and Risk %), the population inversion density for a quasi-three level

system is described by equation 2.3.9.

z .Y, N°
aAN(ax)ya ):fnp_Rrp(x,y, z)_AN(x y,Z)+ I —fC,,O‘AN(x,y,z)G);zﬁ,(x)y)z):0 23.9]
4 T

However, for proximity coupled double-clad waveguide structures we can simplify the analysis by
assuming a unjform pump distribution due to the highly multi-mode nature of the waveguide and
diode pump source, and the double-pass side-pumped geometry. Assuming no ground state depletion
means the absorbed pump energy will have the same spatial distribution as the dopant ions. For
clarity, we can replace r,(%, y, z), the normalised absorbed pump power distribution, by &,(x,y ,2) the
dopant distribution, such that 7,(x, y, z)=5,(x ,y ,z). Where the dopant distribution is also nonnalised

such that

J_”& (x, 7, 2)Bxdydz =1 [5.3.1]

cavity

The assumption of no ground-state depletion also means that the un-pumped lower laser level

population densityN,O (x,y,z), will maintain the same spatial dependence as the dopant ions. It is

convenient to separate the spatial dependence, and express it in terms of the total number of ions Ny,

such that N]a (x,y,z) = fiN;J,(x,y,z). Consequently, the relationship for the population inversion

density can be expressed as

AN(x>y7z)+.f1NT50(x’ s Z)
T

_]‘bnO—AN(x)ya Z)(D¢I(x1 Vs Z) =0 [53'2]

OAN(x,y,z) _
— JnpRO,(x. y,2)~

From equation 5.3.2 we can see that at or below threshold (® = 0) the inversion has the same

spatial distribution as the dopant ions.
AN(x,y,2) = [fUpRT - fiN;18, (x,»,2) below threshold [5.3.3)

As shown in chapter 2, at threshold and above the inversion averaged over the laser-mode profile

becomes clamped such that
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L+T
[II AN(x,p,2)¢,(x, y, z)exdydz = +

cavity 201,
(5.34]
In other words the gain experienced by the laser mode is equal to the loss. However, this does not
mean that the spatial distribution of the inversion remains the same. In fact from equation 5.3.2, the

inversjon above threshold 1s given by

[fnpRT“fINT]é‘o(xay>z)
1+ cno—?{@¢l(x)y>z)

AN(x,y,z)= [5.3.5]

Combining equations 5.3.4 to 53.5, and defining a new parameter S =c,o7f®, the population

inversion distribution can be expressed in terms of the losses and laser power only

59 (x, ,2)[L+T]

LLVX, Y, 2) = 5a(x)yiz)¢[(x’y’z)
267, [1+S¢,(x, 3, 2)] [[] T ShtrD)
X5 Y5

cavity

[5.3.6]
6x6y@z}

The S parameter is proportional to the infracavity power and gives a measure of the degree of
aturation (from equation 2.3.12 this parameter can also be written as S = 2I.P)/ I4). The gain

exponent, G, for a particular mode, m, with spatial distribution ,, is given by

G, =20L[[| AN(x,y,2)8, (x, y, 2)0xBydz [53.7)

Equations 5.3.6 and 5.3.7 can now be combined to give the gain for any mode above threshold, where

the gain is saturated by a laser mode o

50 (x) }") Z)¢m (x) y,Z)
[ 8,(x,3.2)8,(x,.2)

-Ox0y0z [5.3.8]

G,=[L+T1][f
axayaz}

26l [1+S¢(x 2] I

cavily

1+8¢(x,y,2)

Equation 5.3.8 can be evaluated to give the gain for each waveguide mode for a given dopant
distribution, laser mode, and intra-cavity laser power. It should be noted that, as a direct result of the
uniform pumping distribution in a highly multi-mode side-pumped waveguide, this selectivity is
independent of Nlo (x,y,z), and thus the same results will be obtained for 4-level or quasi-3-level

lasers.
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The general analysis developed here can be applied to a variety of resonator geometries and
dopant distributions B, In practice however, the simplest devices to fabricate in 2 planar geometry,

(31, 32) 33]

and bulk lasers © use a

and also the ones that-have been demonstrated experimentally in fibre
step-function dopant distribution restricted to a central region of the crystal or wavegnide. The simple
one-dimensional case for a step-function doping is examined next for the guided axis of a planar
guide. Although the following analysis is specific to a planar device, it does generally illustrate the
way in which a confined doping profile can lead to preferential selection of the fundamental mode for
CW laser action. The procedure of the next section could equally be applied to bulk lasers with
composite rods, where the selectivity is between the modes of the resonator rather than the
propagation modes of a waveguide. Similarly, it could also be applied to large mode area fibres. -
However, the mode selectivity will be somewhat compromised in the latter case, as bending of the

fibre means that there is always some degree of coupling between the propagation modes.
5.3.3 Modelling of gain mode selection in planar waveguides

Modelling of planar waveguides is carried out for the structure illustrated in figure 5.3.2,
where the doping in the guided axis is restricted to the central region of the core. If 4 is the width of
the doped region, / is the length of the guide, and W is the width of the guide, then the normalised

dopant distribufion will be given by

1
5 s Xy = .
o (%, 7, 2) 7 [53.9]

c

To reduce the analysis to a one-dimensional case, we can assume that the laser modes in the unguided
y-axis and propagation z-axis remain uniform. We now make the assumption that the waveguide

modes are far from cut-off and so are fully confined to the core, so that, (from equation 2.2.9 of

chapter 2), the normalised spatial distribution of photons for the even and odd modes, for a waveguide

with a core depth D, is given by

v 2 m+Drx
oM (x,y,z)=WDZ cosl(( 5 )] m=0,2,4... [5.2.102)
c \
, 2 m+1)rx
B2 (x,y,2) = p— sml[ ( - )] m=13,5... [5.2.10b]

The dopant distribution and, as an example, the three lowest order modes are illustrated in figure

5.3.2b.
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Figure 5.3.2 Modelling of GMS in planar waveguides

(2) Guide structure
(b) Doping distribution and three lowest-order propagation modes

We can use equation 5.3.7 and 5.3.3 to determine which mode sees the most gain below

threshold and so will reach laser threshold first. For our simple centralised doping distribution

(D>d>0), and as we would expect mtuitively from figure 5.3.1(b), the fundamental mode (m=0)
sees the most gain. As the pump rate is increased the gain for the fundamental mode will increase
until it becomes equal to the loss and so reach threshold and become the laser mode (4; = 5,). We can
now calculate the gain experienced by any of the other modes by applying equation 5.3.8 and using
the fundamental waveguide mode as the Jaser mode at different values of S. Figure 5.3.3 shows the
results of this calculation for the eight lowest-order modes, and how the gain varies with doping
fraction for the case of no signal saturation (at laser threshold). As would be expected, for very small
doped-fractions the gain for all the even modes becomes equal as all these modes have a central peak
in their intensity profiles, whereas the gain for the odd modes tends to zero as these modes have zero
intensity at the centre of the core. The gain for all the modes becomes equal for a fully doped core,
showing that 2 normal muiti-mode waveguide will indeed suffer from multi-mode laser output,

however for intermediate doping fractions (@/D < 1)) the fundamental mode has the advantage.
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Once lasing occurs, the fundamental mode will start to saturate the population inversion.

Although the gain experienced by the

——

aser mode remalns fixed the spatial profile of the population
inversion will change, which may provide sufficient gain for higher-order modes to oscillate. The way
in which the population inversion changes with increasing laser power is illustrated below in figure
5.3.4 for three different doped fractions (for this one-dimensional case this is in terms of 7, the peak

intracavity fundamental mode laser intensity).
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Figure 5.3.4 Population inversion profile at different laser powers for

(a) Fully doped core, (b) 60% doped core and (¢) 30% doped core.




Chapter 3 Waveguides for high average power lasers

1.0
Ve
g‘ —— Mode 0
+
:)‘ —— Mode ]
= .
C\D-: - ~— Mode2
= - - — Mode3
.&05 | ------ Mode 4
g N I N Mode 5
=
= S I i - Mode 6
o)
3 —— - Mode 7
0 r

00 1.0

Core doping fraction d/D

}

U

Relative gain for the eight lowest order modes at high laser power (Jy/1,,~100)

%]

Figure 5.3.
As can be seen from figure 5.3.4, the change in shape of the inversion profile is much less for
smaller doping fractions. The modelling also shows that there is very little change in the inversion
profile after the laser intensity reaches several times the saturation intensity. Figure 5.3.5 shows the
relative gain for the eight lowest-order waveguide modes calculated using equation 5.3.8 under highly
saturated conditions (Jy/Z,~100). It can be seen that, as expected, heavy saturation can lead to the
gain for the high-order modes becoming larger than that for the fundamental mode. It appears that it
is always the lowest-order 0dd mode (m=1) that is the first higher-order mode to oscillate. However,
we can also see that there is still a window for doping fractions below 0.6 in which none of the higher

order modes receive sufficient gain to reach threshold (assuming 'that they suffer the same loss) and

single fundamental mode operation is maintained. Figure 5.2.5 shows a plot of the doping fraction at
which the gain for the m=1 mode becomes equal to the m=0 mode as a function of the lasing
intensity. We can see that required doping fraction is virtually constant once the intensity is greater
than a few times the saturation intensity.

It should be noted that once a higher-order mode starts to oscillate equation 5.3.8 is no longer
valid as this new mode will now contribute to the saturation of the gain as well. However this need
not concern us, as we are only interested in the regime where a single transverse mode is oscillating
and at which point this breaks down. There are some practical limitations of this model. Firstly, the
active-ion doping normally brings with it a small change in refractive index. Therefore, at a certain
doping width, it will create its own waveguide, rather than merely modifying the properties of the

multi-mode guide (as is the case for WMS devices). The influence of this refractive index change will
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Figure 5.3.6 Doping fraction at which the gain for the m=7 mode becomes equal to the m=0 laser mode

depend on the specific structure, and is discussed in the following section for the Yb:YAG device
used in the subsequent experiments. Secondly, for high-power operation the thermal Joading of the
doped region will also have an effect upon its refractive index, which must also be taken into
consideration. In reality, the regions that are heavily saturated by the laser signal would have
" corresponding increased pump absorption due to the increased population in the ground level. This
would then act against the effects described previously and aid fundamental-mode selection. Thus it
appears that this model may be a worst-case limit, which can be seen as a useful design feature. We
have also assumed that the losses for each mode are the same, which may not necessarily be the case.
However, once again higher order modes in general tend to see higher loss, so any effect is likely to

aid fundamental-mode selection rather than hinder it. Although the results presented have been for the

one-dimensional case, the principle will still be valid for our device as the mode structure in the y-axis
is independent of that in the x-axis for a planar geometry.

A final point to be noted is that this analysis has assumed uniform pumping. This is valid for
a side pumped geometry (as used here), however for longitudinal pumping this analysis may break
down, especially for quasi-three level case where poorly pumped end-sections of the guide may give

preferential re-absorption loss for the fundamental mode.
5.3.4 Double-Clad Yb:YAG waveguide design
For the first demonstration of a GMS planar waveguide, a direct-bonded Ytterbium doped

YAG waveguide is used. The advantages of using Yb:YAG derive from simple electronic energy

level structure of the dopant ion. As discussed in the introductory chapter, Yb*" has only two active

84
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manifolds; the *Fsp pump manifold, which contains the upper laser level and the *F;5 ground
manifold containing lower laser level. As the lower laser level is thermally populated, the laser
transition is quasi-three level leading to ap increased threshold when compared to systems such as
Nd:YAG. However for high power operation, the very small energy mismatch between the pumnp
(941 nm) and Jaser (1029 nm) photons results in a very efficient system with a low thermal load b7,
The absence of intermediate or higher lying energy levels also means that exited state absorption and
concentration dependent ion-ion energy transfer effects that lead to well known concentration
quenching in Nd systems P are not present. This allows very high doping levels to be used; in fact
Patel and co-workers have recently demonstrated a 100 at % Yb:YAG (YbAG) device "), which
could be a useful feature for our double-clad designs where we want to maintain compact waveguide
components. Reducing the doped region of the core for increased mode selectivity results in an
increase i the effective pump absorption length, thus for a side-pumped system we would require a
wider device. However in a Yb:YAG device, reducing the size of the active region can be
compensated for by increasing the doping level.

The 5mm by 10 mm double-clad Yb:YAG device was manufactured by Onyx Optics by the
direct-bonding fabrication technique. The central core structure consisted of a 8 um-deep, 10 at. %
Yb:YAG active layer bonded to 5 um of undoped YAG on either side. This in turn was surrounded by
an approximately 1 mm-thick sapphire cladding to form the structure shown in figure 5.3.7(a). The
largc core structure (18 pm) and the high YAG/sapphire NA (0.46) should allow efficient proximity
coupling, whereas the inner structure provides a core doping fraction d/D=0.44 suitable for gain mode
selection.

The propagation modes of this structure are considered in figure 5.3.7. The mode profiles (TE
in this case) were calculated for a wavelength of 1029 nm using refractive index values of 1.8166,
1.8154 and 1.755 for Yb:YAG ¥ undoped YAG P and sapphire " respectively. Figure 5.3.7 (b)
shows the predicted propagation modes for the-core-structure-assuming an-infinite mdoped YAG — =

layer thickness. This guide can support two modes, however both modes have a significant intensity
at the point where, in reality, they would reach the outer sapphire cladding interface. Consequently,
unlike a WMS system the propagation modes for the five-layer guide are not associated with the inner
RE doped core. Figure 5.3.7 (c) shows the modes of the structure formed by the outer layers,
assuming an infinite sapphire cladding thickness and that there is no change in refractive index due to

E doping. This structure supports a total of 18 TE modes, and the propagation modes of this
structare correspond closely to the modelling presented in the previous section as all the modes,
(other than the highest order TE;, mode), are strongly confined to the core. In reality the effect of the
refractive index change due to RE doping must also be taken into account and this 1s illustrated in

figure 5.3.7 (d) for the fundamental mode. This profile is calculated using the five-layer waveguide
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(2) Structure and refractive index profile

(b) TE propagation modes for a three-layer waveguide of the core structure.

(c) Fundamental and highest order TE modes for a three layer waveguide of the outer layers.
(d) Fundamental mode of five layer waveguide (dotted line is the mode profile calculated
assuming no change in refractive index due to RE doping)

theory presented in appendix A (an extension of the basic three-layer theory of chapter 2). As can be

seen, the increase in refractive index due to RE doping has the effect of confining the mode more

strongly, which may reduce how effectively the mode saturates the gain. However, the core-doping

fraction of 0.44 is well in the limit indicated by the modelling and as demonstrated experimentally

fundamental-mode-selection is retained.
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5.3.5 Characterisation of double-clad Yb:YAG waveguide laser

Characterisation of the Yb:YAG double-clad structure was carried out by end-pumping the
guide using a Ti-sapphire laser. The pump absorption length was estimated using the results of
Lacovara % giving values of about 1.1 mm at a pump wavelength of 941 nm.and 968 nm and 1.9
mm at 915 nm. This length is expected to increase approximately by ratio of the doped to undoped
areas of the pumped region for a double-clad planar structure. For Ti-sapphire pumping the weaker
absorption at 915 nm was used because the pump had a higher output power at this wavelength,
resulting in an effective absorption length of approximately 4.3 mm, which allows end-pumping the
guide in the shorter Smm direction.

Initially, using 2 x 6 microscope objective, care was taken to couple the pump to the guide
such that propagation of the pump fundamental mode was observed by imaging the pump throughput
onto a CCD camera. To estimate propagation loss, the 1029 nm laser threshold was measured as a
function of output coupling (as described in chapter 3, section 3.2.3). The guide had sufficiént gain to
lase off just the bare end faces, which allowed the use of only Fresnel reflections (8.4 %) and highly
reflecting mirrors (HR) for the Findlay-Clay plot shown in figure 5.3.8. To account for the re-
absorption loss a slightly modified version of the equation presented in chapter 3 is used to estimate

propagation loss.

P, =C(2N]ol —InR,R, +2a,1) [5.3.12]

Where R, and R; are the reflectivities of either the HR mirrors or bare-end faces. Extrapolating to Py,

= (), gives an intercept of -(2N1°02C +2a,1)=-1.291, which, using values of o=1.8 x 10 2 1p* (%)

N]0 = 6.9 x10 ¥ m™ (5 % of the tota] population) " and 7= 5 x 10  m, gives a value of o= 0.05 cm’

Uor equivalently 0.2 dB/em for the intrinsic propagation loss of the guide. This loss is similar to that

%) and demonstrates the suitability of

of previously reported two-layer DB YAG/sapphire structures
direct bonding as a route to fabricating GMS multi-layer guides.

The focussing of the Ti-sapphire laser was then changed by using a 5 cm focal-length lens in
place of the x 6 objective. When viewed on the CCD camera, it was clear that the pump was being
coupled to the higher order modes of the five-layer structure, as would be the case for diode pumping.
Under these conditions, measuring the pump power before and after the guide gave a combined
launch and absorption efficiency of 0.77. Taking into account the estimated 43 mm absorption
length, this corresponds to a near 100 % launch efficiency, as might be eipected for such a large high
NA waveguide pumped by a Ti-sapphire laser. The laser operation was tested by using a resonator
formed by one HR mirror and one bare end-face of the guide. The results are shown in figure 5.3.9,
and the slope efficiency of 76 % with respect to absorbed power is close to the quantum limit for 915

nm pumping (89 %), a further indication of a low-loss waveguide.
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As an initial test of gain mode selection the laser output was imaged mto a Coherent M meter
- and despite the deliberately multimode pumping, near-diffraction-limited performance was confirmed
by an M? measurement of 1.2 in the guided axis. The laser output was at 1029 nm, at the peak of the
Yb emission spectrum and was found to be TE polarised. This linearly polarised output is in contrast
to the unpolarised output observed with two-layer YAG-on-sapphire guides and perhaps is an
indication of increased stresses in this five-layer structure leading to a aifference in TE and TM mode
propagation losses and/or mode sizes. At present it is not known if such effects are responsible for
this behaviour, but in practice this is a very convenient method of obtaining polarised output, which

may be useful for future applications to non-linear frequency conversion.
5.3.6 Proximity coupled Yb:YAG waveguide laser

The double-clad Yb:YAG waveguide was side-pumped in the Smm direction by proximity
coupling to a 20W, 941 nm- diode bar using the same procedure as that for the 8 um two-layer
Nd:YAG device as described in section 5.3.4. The alignment in this case however proved simpler due
to the larger overall pumping area of the double-clad structure.

The proximity-coupling efficiency was assessed by measuring the diode-power with and
without the waveguide component in place. Unfortunately, the very compact nature of the sct-up
made this difficult, and it was not possible to capture all the unabsorbed pump power after the guide,
so we can only arrive at a upper Jimit for the combined launch and absorption efficiency (< 63 %).
The laser resonator was formed along the 10 mm direction by attaching a high-reflector and a 7 %
output coupler to the waveguide end faces. Laser operation at 1048 nm was achieved, corresponding
to a transition to the highest stark level of the ‘F;, ground state manifold of the Yb ion. Although this
line has a much lower emission cross section than the flouresence peak around 1029 nm, it also has

less ground-state absorption and so can be quite easily be made to lase 2% With-27 % output——

coupling we achieved a maximum output power of 2.2 W, and a slope efficiency of 14.5 % with
respect to incident power. This corresponds to a slope efficiency of > 23 % with respect to absorbed
pump power. As previously observed under Ti-sapphire pumping the output was TE polarised.

The beam quality of the output was investigated by profiling the un-collimated far-field laser
intensity. This was carried out using a silicon detector to vertically scan the laser beam at various
distances from the waveguide as illustrated in figure 5.3.10(2). As an example the mode profile at a
distance of 130 mm from the guide end-face is shown in figure 5.3.10(b) and, as can be seen, the
results fit well to a Gaussian profile. The second moments radius (2831 £or the intensity profiles were

calculated at various distances from the guide and the results are shown in figure 5.3.10(c).
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(b) Measured intensity profile in guided direction at z =130 mm
(¢) The measured second moments radius at various distances from guide end face.

The predicted radius for the fundamental mods ofthe Yb: Y AG-double-clad guide is 526 mm,

which would lead to an output divergence of 63.4 mrad, while the experimental results correspond to

a beam divergence of 64.1 mrad. This divergence is equivalent to an M* < 1.1 for the guided

direction. In the unguided direction, as with the original two-layer Nd:YAG guide, the output was

highly multi-mode as no attempt was made to control the beam quality in this axis.
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5.4 Summary

Proximity coupling combined with double-clad waveguide structures offer an attractive route
to very compact high power lasers. The direct coupling of the pump energy, afforded by the optical
confinement and geometry of the planar waveguide, leads to very efficient pump delivery with
delivery efficiencies approaching 100 %. The first demonstration of proximity coupling has shown
that this techmque 1s effective for waveguides with cores as small as 8 um and the simplicity of the
technique results in inherently compact systems, with device footprints of < 1 cm®. The simplicity
and effectiveness of proximity coupling certainly makes it an attractive technique for pumping any
planar waveguide with a sufficiently high NA and allows power scaling for side-pumped devices.

Spatial mode control can be achieved by using a confined doping profile for fundamental
mode selection. The GMS theory developed can in prmciple be apphied to many laser systems, here it
was applied to design a double-clad planar waveguide that gave fundamental mode operation in the
guided plane of the device for output powers of over 2 W. However the theory shows that diffraction-
limited performance should be possible at much higher powers. Since the reported proof-of-principle
work reported here was carried out considerable progress has been made in GMS proximity-coupled
devices ! and the power scaling, techniques for mode control in the unguided axis and other recent
developments in high power laser systems based on proximty coupling and GMS double-clad

waveguides are discussed m the following chapter.
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Chapter 6

CONCLUSION

6.1 Introduction

The diverse nature of materials and fabrication techniques covered in this thesis, from low-
phonon-energy to high-power devices, and from precision MBE deposition to waveguide construction
by direct-bonding reflect the numerous possibilities for the development of novel RE-doped planar
waveguide lasers. This chapter summarises the experimental work reported in the three different

areas mvestigated; borosilicate glass wavegwde lasers, MBE lanthanum fluoride waveguide lasers

—and plepar-waveguides-for high power-operation; and briefly discusses some future directions for this

work.
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6.2 Borosilicate glass waveguide lasers

Chapter 3 reported the optical characterisation of novel laser waveguide structures in
borosilicate glasses. Planar structures fabricated by a new method of ion-cxchange based on the
direct-bonding of glass substrates of opposing chemical gradients were investigated. The novel direct-
bonded 10on-exchange (DB-IE) fabrication technique offers advantages over conventional thermal 1on-
exchange for the production of buried waveguide structures. In particular, there 1s no need to apply a
secondary process such as a subsequent bonding step to attach a cladding layer, or a further heat,
electric field or exchange process to bury the waveguide. Furthermore, the hostile environment of the
molten salt bath is avoided as the ions required for the exchange process are provided by a previously
unexplored solid-state source, 1.e. the glass substrates that are bonded.

The characterisation of the Nd:BK7 glass structures shows that optical losses of these
structures are < 0.4 dB/cm. Buried channel waveguides were fabricated by using a germaniurmn doped
active superstrate which allowed buried channel structures to be directly written usmg a UV laser.
The characterisation of Nd:SGBN glass structures shows that these channel structures have optical
losses of <0.3 dB/cm, and ‘absorbed pump power thresholds < 10 mW were demonstrated. The UV-
written channels provide 2 near symmetric laser output compatible with low-loss coupling to optical
fibres.

The next stage in the development of this technology will concentrate on developing Er-
doped samples for laser operation at 1540 nm, the minimum attenuation wavelength for silica fibres.
At the time of writing Er:SGBN waveguides are being prepared and the characterisation of these
structures should be reported in the near future. A further area that warrants future investigation is the
fabrication of gratings and couplers in these structures, which have been demonstrated by UV writing
in other germosilicate thin film-layers ™. The incorporation of such structures on the burded DB-IE

platform could lead to highly functional, compact, low-loss optical sources and amplifiers that would

be useful for apphications such as telecommunications.

In conclusion, buried ion-exchanged waveguides are important for applications in integrated
optics because these miimise both surface scattering and fibre-optic coupling loss. Direct bonded
ion-exchange offers a new single-step process to realising these devices. Glass substrates can be
produced in large sizes and direct bonding would allow the production of large-scale platforms that
could be cut to a number of smaller devices. UV writing allows automated fabrication o

these platforms without the need for photolithography, offering a low-cost and versatile route to the

large-scale production of a wide variety of active integrated optical components.

EA)
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6.3 MBE Lanthanum-fluoride waveguide lasers

Chapter 4 reported the optical characterisation of lanthanum fluoride wavegnide lasers.
Molecular beam epitaxy (MBE) is an attractive route to the fabrication of fluoride waveguide lasers as
thin film layers can be deposited mono-atomically, which allows exceptional control over both RE-
doping level and layer thickness. The first laser action from a dielectric thin film fabricated by MBE
was demonstrated using Nd:LaF; thin films grown on CaF, substrates. The characterisation of these
thin film structures shows that the MBE process 1s well suited to producing high quality crystalline
structures, with a phonon energy cut-off around 380 em™, in good agrement to that found in bulk LaF,
crystals.

Future work should concentrate on lowering the propagation loss of the MBE thin films,
which was estimated to be approximately 1 dB/cm for the devices reported here. Although this
relatively high propagation loss did not mnhubit laser action for the thin film structures mvestigated, it
clearly himits the efficiency of these and futire devices. The most likely cause of the high propagation
loss is strain in the grown layer due to the lattice mismatch between the RE-doped LaF; thin film and
CaF, substrate. The MBE process is well suited to the incorporation of additional 1ons into the growth
process by simply usmg additional effusion cells, consequently an approach analogous to that used in
hiquid-phase epitaxy in which Lu ions are mcorporated into a grown YAG layer to increase the lattice
match to the substrate ! may prove successful in reducing the propagation loss. Alternatively homo-
épitaxial growth of RE-doped LaF; on undoped LaF; substrates ! is expected to have lower strain
induced losses, however this will significantly reduce the numerical aperture of these devices and it
may be necessary to increase the core size of the waveguide to strongly confine the radiation,
especially at mid-IR wavelengths.

Slab-loaded channel waveguides were designed on the MBE thin films, and fabricated by two
different methods; ion-beam etching and the novel RCB polymer overlay techrique—Atthoughanr ——

exhaustive characterisation of these devices was not possible due to the fragility of the structures, the
results are consistent with a negligible increase in propagation loss compared to the background level
of the MBE thin film and the increased optical confinement of the channel geometry leads to a
significant reduction in laser threshold. The novel technique employing a BCB polymer loading strip
was demonstrated to be a particularly versatile technique that can be processed using
photolithographic technigues alone, and this approach could be applied to a wide variety of crystals
and glasses for the fabrication of near-IR channel waveguide lasers. Although the testing procedure
used here proved to be destructive for the channel waveguides, the fragility of the strictures may not
be a critical limitation for a final MBE device because the mirror coating can be directly applied to
the guide end-faces. The robustness of the structures could also be enhanced by depositing a low-

refractive index layer to bury the structures completely, or alternatively different wavegmde
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fabrication techniques such as indiffusion could be considered. All these approaches to channel
fabrication on MBE thin films warrant further investigation.

Initial characterisation of MBE Er-doped-LaF; thin films is underway with a view to
developing mid-IR sources. Fluorescence at around 3 um over the *S;-"Fon and “Ijp-"lp Er*
transitions has been reported ! and achieying laser emission on these transitions is currently being
attempted. The BCB channel waveguide design is probably not feastble for the development of mid-
IR technology as the polymer is likely to suffer material absorption at these wavelengths, however,
the mid-IR transparency of CaF, means that the ion-beam etched, hybrid slab-loaded/rib channel
design should be suitable.

In conclusion, the first laser action from a dielectric waveguide fabricated by MBE has been
demonstrated. The laser action from the MBE LalF; thin films constitutes the lowest phonon energy
dielectric material to show waveguide laser emission to date, and, as an mitial step to developing
integrated optical sources slab-loaded channel waveguide structures have been demonstrated on these
thin films. The low phonon energies of the host, combined with the exceptional conirol of the MBE
process and the possibihities for integration make MBE RE-doped LaF; waveguide lasers interesting

candidates for the development of compact mud-IR lasers sources.

6.4 Wavegnides for high average power lasers

Chapter 5 reported the design and development of compact high-power planar waveguide
lasers. Wavegumde structures suitable for both high pbwcr operation and proximity coupling - the
direct coupling of diode-bar pump radiation into the waveguide without any intervening optics, were
mvestigated. High NA (>0.4) RE-doped GGG on YAG and RE-doped YAG on sapphire waveguides
fabricated by pulsed-laser assisted deposition (PLD) and direct-bonding (DB), respectively, with core

sizes of 8 um or greater were shown to be suitable. The first demonstration of proximity coupling was
achieved using an 8 um thick core DB Nd:YAG/sapphire waveguide. Proximity coupling was
demonstrated to be both a highly efficient and compact technique. The pump delivery efficiency was
measured to be 90 % and the overall device footprint (diode and waveguide) was < 1 cm”.

The versatility of the direct-bonding technique and the low-loss (0.2 dB/cm) of DB
YAG/sapphire guides makes these structures very attractive for the development of compact high
power sources, However, the initial investigation of the effect of particulates on device performance
for Nd:GGG/YAG structures show that PLD may offer a quick, low-cost altemative route to the
fabrication of these components. The results of this study indicate that the large core sizes required for
proximity coupling can also reduce the scattering losses for PLD structures, and recent work by

Barrington ¥ shows that depositing a YAG cladding layer on the active GGG core can further reduce
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the propagation losses due to particulates. The prospects for the production of low-loss, multi-layer
proximity coupled PLD planar waveguides for high-power operation look good.

A double-clad planar waveguide design suitable for proximity coupling was considered. The
desire to retain-compact components and the limitations of planar waveguide fabrication meant that a
multi-mode waveguide with a large RE-doped region is required. The theory of fundamental mode
selection in such a device through confined doping and gain mode selection (GMS) was developed.
Although this theory was specifically applied to design a GMS planar waveguide, the approach
developed could equally be used for large-mode-area fibres and bulk resonators with composite rods,
and so, prove generally useful for designing high power waveguide and bulk lasers. The GMS
modelling showed that doping 60 % or less of a planar waveguide core robustly selects the
fundamental mode for laser operation, The first double-clad planar waveguide laser was demonstrated
using a 44 % core doping fraction DB Yb:YAG/YAG/sapphire waveguide, which gave diffraction-
himited performance in the guided axis for an output power of greater than 2 W. Double-clad
waveguides similar to the GMS DB design investigated here have now been dernonstrated using Nd**
and Tm®" dopants ©®”, and these devices also give diffraction limited output in the guided axis at
powers> 10 W.

Scaling of the ountput power of proximity coupled double-clad GMS devices can be achieved
by stacking multiple pump sources along both sides of the guide. Initial expenimental work on
achieving this has already begun; the YO:YAG device used here has now been scaled to an output
power of 12 W by using two 20 W diode bars on either side of the gnide ™. Diffraction limited
performance in the guided axis has also been demonstrated at an output power of 15 W from a
Tm:YAG device operating at 2 pum ") The theory developed here, however, shows that GMS
waveguide designs should be capable of diffraction-limited performance i the guided axis at much
higher powers. Further power scaling can be achieved by using higher power pump Sources

(comumercially available diode-bars now produce in excess of 50 W) and so pump-powers—eanbe———

easily be scaled to >100W by simply replacing the 20 W diode-bars used to date with these higher
power pump sources. Further power scaling could also be achieved by increasing the length of the
waveguides to allow the use of more diode-bar pump sources.

The 1ssue of mode control in the unguided axis is important if truly diffraction-limited
devices are to be developed. A key consideration for any design is the desire to keep a compact
monolithic format and not use any external resonator components. Two techriques that are attractive
for combimng with proximity-coupled GMS waveguides are a tapered waveguide design or an
unstable resonator P! A tapered waveguide in the ‘unguided axis’ of the GMS waveguide would
consist of a wide multimode channel section to allow side pumping by diode-bars, connected, via a
tapered waveguide section, to a single mode channel for diffraction limited output. Initial

investigations of tapered structures in glass '* and techniques for fabricating these structures in

crystals are currently underway U The width of the multimode section of such a design is, however,

rs
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resiricted by the need to munimise the mode-coupling and hence the losses between this, and the
single mode channel section. Consequently, a taper design may only prove effective for proximity
coupled, side-purnped waveguides fabricated from strongly absorbing materials such as Nd:YV0, P
The high gain available m a planar waveguide could also allow a hybrid GMS waveguide/unstable
resonator approach. The unstable resonator in the unguided axis of the GMS guide could be
monolithically integrated by directly polishing, or attaching a curved end-section with a mirror
coating to the waveguide. Initial investigations suggest that a M” of 2 in the unguided axis could be
achieved using such a design ). It may also be possible to use a stable resonator if a ‘zig-zag’ lasing
path that sweeps out a broad gain region can be produced, however incorporating this in a monolithic
fashion may prove difficult from a fabrication point of view.

The monolithic incorporation of other components, for example, to allow passive Q-switching
or intra-cavity frequency doubling is also another important area for future investigation. A passively
Q-switched double-clad planar waveguide has recently been demonstrated using a Nd:YAG device
with a short direct-bonded Cr*:YAG section ), and LiNbO; wavegnides have previously been
fabricated by direct bonding ') so the prospects for developing compact, highly functional sources
based on double-clad planar waveguides look good.

In conclusion, the work reported here included the first demonstration of proximity coupled
laser and the design and demonstration of the first double-clad planar waveguide. A highly compact
iager systemn with diffraction-limited performance in the guided axis of the waveguide was realised.
Research is now concentrated on mode control in the unguided axis of these devices, the
implementation of these techniques, and combming them with a proximity-coupled double-clad
design offers a promising route to the development of \}ery compact, diffraction limited, high-power

planar waveguide lasers.
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Appendix A:

FIVE-LAYER PLANAR WAVEGUIDE MODES

To determine the optical modes of a five-layer planar waveguide we follow the procedure of

section 2.2 of chapter 2, however in this case we consider a five-layer rather than three-layer structure

as depicted below in figure Al. Once again the symmetry of the structure suggests the modes will

either be odd or even with respect to x=0 and so we assume TE solutions of the following form.

Ey(x) =Fy,

A-[e_ai.x

Aye™ " 1 A, e
cos(x x)
sin(xx)

* (4,6 + 4, &™)

| £ A"

even

odd

x>D/2
D/2>x>d/2
a2 <x>-d/2
-D/2<x<-d2

x < -D/2

Figure Al Five-layer planar waveguide structure
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E,, is the maximum electric field amplitude, 4, K 4, and 4’, are the relative amplitude coefficients for

the outer layers, « is the transverse wavenumber m the central core region, ¢, is the decay constant
for the outer cladding layer and o, can either be real or imaginary corresponding to 2 decaying or
oscillatory solution for the region D/2 >Ixl >d/2. For equation Al to satisfy the wave equation

(equation 2.2.9a of chapter 2) the mode constants have to obey the following rélaﬁonships.

2_np2_ 2
ap =B -0 pg [A2a]
2_p2_ .2
a; =B -0 p,6, [A2b]
k2 =0tuye; - B2 [A2c]

Applying the condition that E, and H, (equation 2.2.7a) must be continuous across the boundaries x =

D/2 and x = d/2 (or equivalently x = -D/2 and x = -d/2) gives four simultaneous equations that can be
combined to solve for 4, 4, and 4',. This reveals the following expressions for the amplitnde co-

efficients for the even modes

2( % Jcos(lcd/2)ea2(d‘D)/2ea1(D/2)

) oy +a i
‘4.] = -~ i.Aga]
14 ay = p22(d=D)
a2 + al
472)e(@12) d/2)e 2@/
4 = cos(xd/ )i & A= CO/S(’( )e [A3b & A3c]
14 az Aai eaz(d—D) 1+ w eaz(D_d)
Gy + J Laz 4

And reveals the following expressions for the amplitude co-cfficients for the odd modes.

2( az jSin<7(d/z)eaz(d—D)/zea[<D/2)
4 =

s+t
2 l - [Ada)
- ( zz;aqew—m
Oy +t )
. 27 (d/2) . —dz(d/2)
4, = sin(xd /2)e Py 4= sim(xd /2)e [Adb & Ado]
14| &2 =% p@2(d=D) 12| %2 +a @ (D-d)

i B J02. .
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Considering the boundary conditions at x=d/2 agam, substituting equations A3a-c and using the

relationship tanh(u)= [¢" -e™]/[e"+e™] gives the following guidance condition for even modes.

2 _ 14
caay + 0 tanh[a, (D —d)/ 2] TE even mode condition [A5]
Koy + Ko J[anh[az (D - d)lzJ

tan(xd / 2) =[

Doing the same for equations Ada-c gives the following guidance condition for odd modes

oy, + el tanh[a, (D~ d) /2]
Kay + kay tanh({a, (D ~d)/2]

cot(xd / 2) =[ J TE odd mode condition [A6]

Equations AS and A6 can now be combined with equations A2a-c and solved to determine the mode
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