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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy
TI:SAPPHIRE WAVEGUIDE LASER BY THERMAL DIFFUSION OF TITANIUM INTO
SAPPHIRE
by Louise Mary Brendan Hickey

This thesis reports the first realisation of a Ti:sapphire channel waveguide laser by the
thermal diffusion of titanium(T1) into a sapphire wafer. The Ti-diffused region provides both
the optical gain medium and the optical waveguide. These results comprise the first
realisation of Ti>* diffusion in sapphire and the first realisation of optical waveguides in
sapphire by diffusion doping. The attraction of the Ti:sapphire laser in a planar waveguide
configuration is its potential as a compact, broadly tunable source over 400nm in the near
infra-red, which would provide a versatile radiation source for sensing or spectroscopy.

The basis for the Ti:sapphire laser formed in a waveguide geometry by diffusion doping is
discussed, and a simple model indicates that pump power thresholds less than 100mW are
achievable. Previous work on the diffusion of metals into sapphire is reviewed, indicating
that temperatures as high as 1950°C are appropriate for initial experimental work.

Processes, equipment and characterisation techniques are presented that enable the
investigation of Ti diffusion in sapphire. Spectroscopic characterisation of the diffused
material indicates that fluorescent Ti>* ions are incorporated, appropriate for use as an optical
gain medium. The diffused Ti distribution is investigated following diffusion at temperatures
between 1480°C and 1950°C over diffusion times between 0.2 and 8 hours, achieving depths
in excess of 50um and peak Ti** concentrations greater than 0.4wt%Ti,0; in AL, Os.
Following diffusion from a series of stripe sources, a fast lateral diffusion is observed.

Slab and channel waveguides are formed in the Ti-diffused sapphire and trends in the
effective refractive index, mode intensity profiles and spectral attenuation are reported.
Channel waveguides appropriate for the realisation of a miniature laser are identified.

Ti:sapphire waveguide lasers are reported for two cavity configurations, with operation at
wavelengths between 770nm and 810nm. With 7% output coupling, a pump power threshold
of 1.2+0.4W and slope efficiency of 0.5% is achieved. This first realisation of a waveguide
laser by the thermal diffusion of titanium into sapphire clearly demonstrates the feasibility of
this approach to the realisation of a miniature broadly tunable Ti:sapphire waveguide laser.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

A miniature Ti:sapphire laser, continuously tunable between 660-1050nm would have
significant impact as a versatile radiation source for applications in spectroscopy, sensing and
remote instrumentation. By exploiting the planar integrated optic configuration such a laser
could be realised on a single sapphire chip, to form a compact device with an output
compatible with optical fibre technology. Essential parts of achieving this aim are to realise a
gain medium and optical waveguides in a sapphire wafer. Both of these are reported here for
the first time, by the thermal diffusion of titanium, and Iead to the first realisation of a

Ti:sapphire channel waveguide laser.

The work described in this thesis charts progress made towards realising the miniature
Ti:sapphire laser. In this chapter, the attractive properties of the well-known bulk Ti:sapphire
laser are highlighted and the motivation behind miniaturising the laser to an integrated optic
format is outlined. Recent interest in the application of an Al,O3 host to active waveguide
devices is briefly reviewed, highlighting activity in the realisation of an Er:Al,O; amplifier
and interest in the realisation of a Ti:sapphire waveguide laser. Thermal diffusion is
identified as an appropriate fabrication technique for this work and a synopsis of the thesis is

given in §1.5.

1.2 Application and miniaturisation of the Ti:sapphire laser

In the bulk configuration, the Ti:sapphire laser was first demonstrated in 1982" and rapidly
became commercially viable. Its success may be attributed to the broad gain band, the lack
of low lying energy levels for excited state absorption, the availability of high quality crystals
and the existence of a high power pump source. Whilst providing a versatile source,

application is generally limited to research and development environments, with significant
10



investment required to support the high power pump source. For example, water cooling and
a three phase power supply are needed to support an argon ion laser suitable for pumping a

commercial Ti:sapphire laser.

The broad Ti:sapphire emission band also lends itself to the generation of short pulses, for
which the phenomena of ‘self-modelocking’ was first demonstrated in 1990%. At high pump
power densities, the combination of thermal lensing and gain saturation contributes to
changes of refractive index in the gain medium, leading to self-starting mode-locked
operation. The optimum performance of the laser, in either continuous or pulsed operation

requires cooling of the Ti:sapphire crystal.

Miniaturisation of the Ti:sapphire laser and the associated optical components presents an
ambitious task. Starting with a commercial sapphire wafer, processes need to be developed
for introducing the Ti>* active ion and for forming optical waveguides in sapphire.
Combining the two technologies, a waveguide laser may be realised, forming a cavity by
directly butting plane mirrors onto the waveguide endfaces. Advantages of the waveguide
geometry over the bulk laser include the potential for a significant reduction in pump power
threshold, the potential for integration of tuning components and the compact, robust
geometry. In the future, the potential for a mode locked Ti:sapphire waveguide laser may be
addressed; this is not the aim of the current work.

Selectively introducing the active ion, for example by thermal diffusion, offers flexibility in
the design of the gain medium, allowing it to be tailored for optimum performance. The
confinement of radiation to a2 waveguide geometry ensures that high optical intensities are
maintained throughout the region of gain. Laser operation may ensue with appropriate
feedback into the waveguide, for example using high reflectivity dielectric coatings deposited
on the waveguide endface. The threshold power for lasing may be significantly reduced
compared to a bulk system with low waveguide propagation losses, leading to a wider choice
of pump sources. For example, when they become available, an electrically pumped blue-

green diode could be directly butt-coupled to the Ti:sapphire laser.

Following the realisation of a Ti:sapphire waveguide laser, the planar configuration may be
further exploited with schemes to integrate tuning and wavelength selection components on
the same chip. For example, a waveguide circuit may be designed with a spectrally

dependent loss, which may be tuned externally. Such control over the intracavity waveguide
11



characteristics would dominate the laser properties, determining the wavelength of operation.
The compact miniature laser would be versatile and easy to use with no intracavity
components sensitive to optical alignment. Applications would be as a source for sensing

and diagnostic equipment, which requires a tunable radiation source.

Whilst one of the attractions of the Ti:sapphire laser is the broad tunability, the wavelength
range, 650nm to 1050nm, may attract competition from the semiconductor diode laser
market. Diodes are cheap, readily available and present an area of significant commercial
investment. However, diodes exhibit emission over discrete wavelength ranges and are
limited in output power. Diode arrays lead to higher output powers, although this solution is
not ideal, as the laser output beam is highly asymmetric and is not diffraction limited. In
addition, the diodes are not available over a continuous spectral range. The Ti:sapphire
miniature laser in comparison, has the potential for continuous tunability and a diffraction

limited output, compatible with other integrated optic devices.

1.3 AlO; as a material for integrated optics

Interest in aluminium oxide as a material for integrated optics has been increasing over recent

years. Recent advances include the realisation of amplification in an Er:Al,O3; waveguide
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formed on an oxidised silicon substrate (Si/ Si0,)? and the realisatio
waveguide laser in a Ti:sapphire thin film formed by laser pulsed laser deposition on a
sapphire substrate®. In a different vein, the realisation of small diameter single crystal fibres

(about 350um) has also led to the demonstration of a miniature Ti:sapphire Jaser”.

These achievements demonstrate the diversity of approaches taken to exploit A,O; as a host
material. The motivation for realising rare earth and transition metal ion doped devices

differs significantly and recent activity in these areas is reviewed briefly in turn below.

1.3.1 Rare-earth doped Al,O3 devices

Much of the recent interest in developing rare-earth doped Al,Os films is motivated by the
potential for incorporating high concentrations of impurity ions, such as Er’*, in the AL O3
matrix. The development of rare-earth doped Al;Os; films follows the realisation of high

quality passive waveguides in Al,Os films deposited on lower index substrates®™®.
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The optical properties of the rare-earth ion are based on transitions of an f-shell electron,
whose energy level structure is well shielded from the local electric field provided by the host
material. In these devices, the Al,Os film does not have to be in single crystal form, and so a
range of fabrication techniques is available. For example, gain was observed in sputtered
Al,O; film, subsequently doped with Er by ion implantation’, with the spectroscopic
properties of these films summarised in a review by Polman’. Other techniques that have
been explored, and allow the growth of Al,O; films doped in situ Er-doped Al,O; films, are

10,11

chemical vapour deposition(CVD) ™" and pulsed laser deposition'?. The composition and

structure of the film are controlled by the deposition conditions.

The AlO; film may readily form an optical waveguide if a substrate of lower refractive
index is used. For example, much work has been done using an oxidised silicon substrate
(Si/Si0Q,), on which waveguides are formed in the higher index deposited Al;Os thin films,

which may be over-clad with a further thin film of SiO,. Channel waveguides have been

developed by patterning and etching either the Al,O; waveguide layer® or the SiO; cladding

layer1 L

CVD deposited films, sputtered films and those doped by ion implantation require a post
annealing procedure. The post annealing changes the defect structure of the AL, Os host,
reducing waveguide losses® and for Er’* doped sputtered Al,O; enhances the spectroscopy by
reducing the density of non-radiative decay routes'’. However, with increasing temperature,
the Er’" mobility becomes sufficient for short range diffusion to occur, promoting the
formation of Er pairs or clusters. Pairs or clusters of Er’* affect the spectroscopy of the
material*, so that optimum annealing conditions may be found. During the course of several
studies, the annealing of defects in Al,O; has been studied for doped'® and ion implan‘ced16~18
Al,0s, considering the use of a conventional furnace annealing and rapid thermal annealing
process using a pulsed laser source'*?. The rapid thermal annealing is a promising

technique as it allows defects in the Al,O; to anneal without promoting the formation of

clusters in the structure.

1.3.2 Transition metal doped Al,O3 devices

The proven success of lasers in Cr doped and Ti doped sapphire (ruby and Ti:sapphire
lasers), has led to interest in the formation of Al,O3; waveguides doped with the transition
metals Cr and Ti. However, the electronic transitions responsible for the optical gain in Cr

13



and T1 doped systems involve electrons in the outermost d-shell, rather than shielded f-shells
of the rare earth ions. In consequence, careful control over the structure of the Al,O5 host is

necessary to maintain the attractive properties of the transition metal ion dopant.

Approaches to the fabrication of transition metal ion doped AlyO; include film deposition

132123 and pulsed laser deposition®***. With

techniques such as electron beam evaporation
careful control over the fabrication conditions, appropriate films of Al;03 may be formed,

and doped in situ. The use of a sapphire substrate in combination with a thermal annealing
process promotes the formation of epitaxial single crystal Al,Os films, in which the dopant

may exhibit the appropriate spectroscopic properties.

To the best of my knowledge, the only report of direct growth of an epitaxial Ti’*-doped
Al film is formed by pulsed laser deposition on a sapphire substrate®. This work has
been carried out in Southampton, in parallel to the work reported in this thesis. In
sufficiently thick layers, the doped single crystal film may form an optical waveguide as the
Ti*" doping has been found to increase the refractive index of the sapphire host*®. By this
method, a slab Ti:sapphire waveguide laser has been recently demonstrated®. The waveguide
was 12.3um thick, 3.8mm long and doped at about 0.1wt%. With about 2% output coupling
from the cavity, the lowest absorbed pump power threshold reported was 0.56W. The

W v

s

maximum output power observed was 357mW for 3.44W absorbed pump power, for a 35%

output coupler.

An alternative route to forming integrated optical devices in sapphire is by ion implantation
of a light ion such as He, to form a waveguide, and an active medium, by introducing an
impurity ion. In sapphire, the formation of waveguides by ion implantation is limited to a

brief report?’ and it is believed that the extent of the structural damage in the implanted

region leads to high waveguide losses.

The direct implantation of numerous transition metal ions, including Ti, into sapphire
substrate has been studied''****°. However, the application of implanted regions to active
devices is hindered by the structural damage introduced during implantation, which affects
the spectroscopy of the implanted ion. Post annealing in a conventional furnace allows the

recovery of the Al,O; lattice structure, but can also lead to the formation of impurity clusters,

or new crystalline phases'"'®%®. The realisation of an active waveguide device fabricated by

ion implantation of a transition metal ion in sapphire has yet to be demonstrated. An
14



attractive route may be to utilise rapid thermal annealing to recover the structure of the

implanted sapphire whilst maintaining the attractive spectroscopy of the implanted ion.

In a contrasting geometry, a Ti:sapphire laser has been reported in a single crystal fibre

d5,3 0,31

pulled from a melt using the laser heated pedestal metho . The laser was formed in a

fibre 11.2mm long, with a diameter of about 350pum. This geometry does not offer all of the
advantages of the integrated optic format although, with further reduction in the fibre

diameter, some of the advantages of the waveguide confinement may be realised.

In summary, there is increasing interest in the realisation of active integrated optical devices
in Al,O3. Numerous techniques have been explored for the deposition of thin films and the
incorporation of active ions into the lattice. Active devices have been demonstrated in
epitaxially grown Ti-doped o-Al,O3 film and in Er doped AL, O;. However, excepting the
work described in this thesis, there are no reports of integrated optic devices made by the

thermal diffusion of impurity ions in sapphire, to the best of my knowledge.

1.4 Ti:sapphire waveguide laser by thermal indiffusion of Ti*,

The aim of the work reported in this thesis is to realise a Ti:sapphire waveguide laser by
locally doping sapphire with Ti by thermal diffusion. Thermal diffusion is a technique that
offers the potential for introducing an impurity into a lattice without significantly affecting
the crystal structure. The distribution of the impurity may be controlled by the fabrication
conditions, although the maximum concentrations incorporated and the diffusion rate wili be

a characteristic of the diffusant and the host.

The route to an integrated optic device in sapphire by thermal diffusion of impurities has not
previously been investigated. A reason for this may be that previous reports of lattice
diffusion rates for transition metals (for example Cr, Ni and Fe) in sapphire indicate that
prohibitively high temperatures are needed to attain appropriate diffusion rates’>. However,

little direct work has been carried out to establish the diffusion characteristics of Tiin
sapphire.

- .37
3336 and passwe3

In contrast, thermal diffusion has been used to realise numerous active
integrated optic devices in other materials such as LiNbOs;. For example, active ions, such as

Er’* and Nd** may be introduced by thermal diffusion and low loss passive waveguides can
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be routinely fabricated by thermal diffusion from a Ti source®®. By diffusing both the
waveguide and the active ion, and utilising the electro-optic properties of the host material,

devices such as tunable® and Q-switched®’ lasers have been realised.

Motivated by the success of the application of thermal diffusion to the development of
LiNbOj; devices, the thermal diffusion of titanium into sapphire is proposed as a method for
fabricating a versatile Ti:sapphire waveguide laser. To achieve this aim, this thesis reports a
method that has been developed for introducing Ti*" into a commercially available sapphire
wafer. The doped region forms both a gain medium and an optical waveguide, leading to the
realisation of a Ti:sapphire channel waveguide laser. These results comprise the first

demonstration of Ti** diffusion into sapphire‘”, the first realisation of diffused waveguides in

sapphire*” and the first Ti:sapphire waveguide laser™.

1.5 Synopsis of thesis

In chapter 2, an overview of the attractive mechanical and optical properties of sapphire and
Ti** doped sapphire are presented. The spectroscopy of Ti:sapphire and the basis of a
Ti:sapphire laser are discussed. A simple model describing the operation of a 4-level laser in
a waveguide geometry is presented and used to investigate the potential performance of a
Ti:sapphire waveguide laser. The effects of intracavity losses at the pump and signal
wavelengths are considered for a range of average titanium concentrations and sample

lIengths.

Chapter 3 considers the diffusion doping of sapphire. Solutions to the diffusion equation are
presented for a range of fabrication conditions and possible deviations from ideal kinetics are
discussed. Previous studies related to the movement of metal ions in sapphire are reviewed.
The aim of the literature review is to identify appropriate conditions for preliminary
experimental work and to identify the various mechanisms that may apply to the movement

of titanium 1n sapphire.

Chapter 4 presents the experimental study of titanium diffusion into sapphire for a broad
range of fabrication conditions. The fabrication procedure is discussed in detail and the
experimental methods used for the characterisation of the diffused Ti concentration are

described. Characteristics of diffusion from a continuous thin film source and a patterned
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thin film source are discussed in turn. Suitable fabrication conditions are identified for the

realisation of a localised gain medium, appropriate for use in a miniature Ti:sapphire laser.

Chapter 5 presents the characteristics of optical waveguides formed by the diffusion of Ti
into sapphire. The experimental procedures used to analyse the optical properties of both
slab and channel waveguides are outlined. Trends in the characteristics of the waveguides
are observed for a range of fabrication conditions, which are related to the progression of the
diffusion. Interpretation of the optical properties in comparison with the known Ti
distribution enables an estimate of the relationship between refractive index and titanium
concentration to be made. The properties of selected waveguides diffused from a patterned
source are investigated in greater depth to identify channel waveguides that exhibit attractive

properties for the realisation of a channel waveguide Ti:sapphire laser.

The first Ti:sapphire waveguide lasers are discussed in chapter 6. The experimental method
is outlined and the characteristics of the laser presented for two cavity configurations. The
power, spectral and temporal properties of the Ti:sapphire laser in the waveguide

configuration are presented.

Chapter 7 draws conclusions from the research presented in this thesis. Further work to

exploit the first demonstration of the Ti:sapphire laser in the integrated optic configuration is

proposed.

In summary, this thesis records the successful realisation of a method for selectively doping a
sapphire wafer with titanium to form a localised gain medium and an optical waveguide.
This has led to the realisation of a Ti:sapphire waveguide laser that may present a versatile

source for a range of novel applications in integrated optics.
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CHAPTER 2

PROSPECTS FOR A TI:SAPPHIRE WAVEGUIDE LASER

2.1 Introduction

The physical and spectral properties of sapphire and Ti-doped sapphire make it an attractive
optoelectronic material. The single crystal is extremely hard, chemically inert and has
excellent thermal conductivity and high electrical resistivity. Sapphire may be synthetically
grown, with the process well advanced owing to its demand as an electrically insulating

substrate for microelectronic devices. Therefore, high quality, low cost wafers are readily

available.

With the advent of the Ti:sapphire laser, the growth of high quality Ti-doped material and its
spectroscopic properties were investigated to the extent that the laser rapidly became
commercially viable. For a high quality bulk doped crystal, control over the growth
conditions is needed to ensure the Ti is included substitutionally on the Al lattice, in the 3+
valence state. The inclusion of Ti*' leads to absorption at the laser wavelength, which

reduces the efficiency of the laser medium.

In the realisation of the Ti:sapphire waveguide laser, the aim is to dope a commercially
available sapphire wafer with Ti*" to form a gain medium and an optical waveguide. Since
sapphire has not been extensively investigated as a substrate for integrated optics, the aim of
this chapter is to highlight its attractive properties as a substrate material and to discuss the
properties of titanium doped sapphire. A simple model of a four-level laser system is

presented to illustrate the potential performance of the Ti:sapphire laser in a waveguide

geometry.

2.2 Material characteristics of sapphire and Ti-doped sapphire
The properties of sapphire and titanium doped sapphire are reviewed in this section, with

particular attention given to characteristics that have a direct bearing on the fabrication or
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performance of a Ti:sapphire laser. The intention is that the review is focussed on the

application without being exhaustive.

2.2.1 Structure of sapphire and Ti-doped sapphire
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Sapphire is one of many oxides of aluminium. The chemical formula is A
known as a-Al,Os or a-alumina. The lattice consists of layers o
with aluminium sites between each layer, as shown in Figure 2.1(a). Only two out of every
three aluminium sites are filled, to maintain overall charge neutrality. The symmetry of the
lattice is described, to a close approximation by the Csy classification®, which describes an
octahedral structure with both cubic and trigonal components. Deviations from the Csy
symmetry include a discrete shift in the aluminium ion towards the vacant site along the c-
axis and a discrete rotation of each layer of oxygen jons®. The orientations of the common

crystal planes are shown in Figure 2.1(b), together with the corresponding crystallographic

axes, defined in a direction perpendicular to the planes.

High quality sapphire crystals are routinely grown and are readily available in wafer form,
with one surface polished to high quality. The wafers used in this work are 300um thick, 2”

in diameter, oriented with the polished face parallel to the c-plane, costing about £100 each.

c-axis

Shift towards

Empty AI** site to maintain
overall charge neutrality

(@) ®)

Figure 2.1:- (a) 3-D view of the structure of sapphire’; between each layer of close
packed oxygen ions, are aluminium sites, although only two out of every three are
occupied. (b) Diagram of the common crystal planes in the sapphire lattice'.
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Ti-doped sapphire crystals (referred to as “bulk-doped Ti:sapphire”) are formed by
introducing Ti,Oj; into the melt during crystal growth. The Ti*" impurities are incorporated
on the Al lattice, in place of an AI’" ion. The Ti*" impurity will cause some local distortion
of the lattice due to the difference in size, since the ionic radius of AI’" is about %/ that of
Ti**. Incorporating other valence states of Ti, will require a mechanism to compensate for
the local imbalance of charge and correspondingly, the solubility of Ti*" is significantly

greater than that of Ti*" in sapphire®.

2.2.2 Physical properties of sapphire and Ti-doped sapphire

Sapphire is an attractive material for use in a broad range of environments. The single crystal
has good chemical stability, being resistant to attack by acids, moisture and solvents at room
temperature. The crystal is extremely hard, rating 9 on the Moh scale, in comparison to
diamond which rates 15, or LiINbO3, which rates 4.5°. A device fabricated in a sapphire
substrate would be robust and scratch resistant, although the hardness necessitates the use of

high specification cutting and polishing equipment during fabrication.

The ordinary refractive index of sapphire is about 1.8 at visible wavelengths and varies with
wavelength as graphed in Figure 2.2% The crystal has a negative birefringence, with the
extraordinary ordinary index about 0.008 lower than the ordinary index at a wavelength of
633nm. Some variation in refractive index has been observed for crystals grown by different

methods, which is attributed to variations in defect structure and impurity content’.
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Figure 2.2:- Ordinary refractive index of sapphire at 24 °C over the region of
optical transparency 0.2 — 5 Lm®.
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The refractive index of sapphire increases on heating®®, which can lead to thermal lensing in
a laser crystal. In addition, the refractive index of Ti-doped sapphire increases under intense

1 . .
&1 which corresponds to an absorption of

illumination with wavelengths in the blue-green
the Ti*" ion (discussed further in §2.2.3). These properties are significant in the operation of
a Ti:sapphire laser as they contribute to instabilities in the laser properties as a function of
pump power. For example, the early demonstrations of a Ti:sapphire laser relied on liquid
nitrogen to cool the crystal and later results indicate that the maximum output power may be
increased by about 200 times if operated at a temperature of 77K rather than room

temperaturelz.

In a waveguide laser system, local changes in the refractive index due to heating would affect

the properties of the waveguide. However, the planar geometry also offers the potential for

efficient heat extraction due to the proximity of the waveguide to the substrate surface.

2.2.3 Spectroscopy of sapphire and Ti**-doped sapphire

Pure single crystal sapphire has a high transparency to wavelengths between 0.2pm to about

5um in the infra-red, as shown in Figure 2.3.

The presence of defects and impurities in the lattice will affect the electronic structure and
may allow optical transitions to occur. For example, optical absorption at wavelengths in the
ultra-violet accompany electron transitions that are related to the presence of defects in the
ALO; lattice. Impurities, particularly transition metal ions, give rise to characteristic
absorption and often yield brightly coloured crystals. In naturally occurring forms, the doped
sapphires are well known gemstones, for example ruby is Cr’* doped sapphire and ‘star’

. . . 2t . ..
sapphire contains Ti*" and Fe** impurities'®.
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Figure 2.3:- Transmission of a Imm thick sapphire wafer, uncorrected for Fresnel loss.”
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For Ti’*-doped sapphire, optical absorption and fluorescence are related to electronic
transitions of the Ti** ion incorporated substitutionally on the Al lattice. The origin of the
optical transitions has been extensively studied, with recent interest motivated by the advent
of the Ti:sapphire laser and the need for high quality crystals™'>'?. In the 3+ valence state,
the Ti ion has the electron configuration Ar]4s® 3d', with one electron in the outer most d-
electron energy level. In an isolated environment, the d-electron energy level would have a
10-fold degeneracy, with no low lying electron energy levels available for optical transitions.
However, when incorporated in the sapphire lattice, the degeneracy is lifted such that the d-
shell electron may undergo optical transitions in the visible and near infra-red. A schematic
of the splitting is shown in Figure 2.4, considering that the local crystal field is approximated
by the sum of cubic and trigonal fields with additional perturbations yielding characteristic
fine structure'®!®. The nomenclature of the energy levels is discussed elsewhere®. At room
temperature, each electron energy level is coupled to vibrations in the lattice, leading to
significant broadening of the transition bands. Electron transitions between the lower group

and upper group are allowed with the absorption or emission of a photon.

The characteristic absorption illustrated in Figure 2.5(a) extends from 400 to 600nm,
peaking at around 490nm. The peak absorption cross section is of the order of 10%*m? for
the m-polarisation?’, which exhibits a stronger absorption than the c-polarisation. In a

Ti:sapphire laser system, the pump source is usually an argon ion laser, aligned with the 7-

polarisation and operating on all lines, with emission at wavelengths between 450 and
515nm.
i
L2 |2 I
I‘ g 4 7 e
|/ ! JAHN-TELLER
% SPLITTING

A
L A— } ~19,000 cm

|

|

\
FREE A

——— e —— e — —

|
I
[
I
!
|
|
|
\ 13
|
1
|
|
|

10N i ZAI
i \ -
I \_—_[_< -
| 271, ~ —
' g ~ 4/
| 2E T~ L
| + CusIC -+ TRIGONAL | 4 SPIN-ORBIT
{  FIELD FIELD (

Figure 2.4.- Schematic showing the influence of the local crystal field on the d-
shell energy levels of the Ti’" ion in sapphire®
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Figure 2.5:- (a) Absorption spectra of the T " ion in sapphire at wavelengths in the visible”
and (b) emission spectra at wavelengths in the near infra-red regionzz.

The broad fluorescence band that results from relaxation to the lower level is illustrated in
Figure 2.5(b). The emission lineshape is a close approximation to a Gaussian distribution in
the frequency domain, peaking at 396x10'* Hz (760nm), with a full width at half maximum
of approximately 91x10'?Hz (175nm). The breadth of this single transition and the lack of
additional low lying empty electron energy levels make the Ti:sapphire material an extremely

attractive medium for a broadly tunable laser.

The fluorescence lifetime of the upper laser level is of the order of ps, and decreases with
increasing temperature, as illustrated in Figure 2.6, The decrease in observed lifetime is
attributed to an increase in the non-radiative decay rate as the temperature increases™. At
room temperature, the lifetime is reported to be 3.2us. In a more recent study, a second

component in the fluorescence lifetime has been identified with decay times as great as 8 s>,

4

3
Lifetime

1 T t T - T T
160 200 300 400 500 690
Temperature /K

Figure 2.6:- Fluorescence lifetime as a function of temperature”.
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The origin of this longer lifetime is thought to be related to the presence of titanium 1in either

alternative sites or valence states within the crystal.

2.24 Influence of Ti*" and defects on Ti:sapphire spectroscopy

e TP . . . . [/ R N .
Although Ti** is significantly more soluble in sapphire than Ti*', trace quantities of Ti*" may

as the resulting distortions to the lattice and the inclusion of associated defects causes a shift
in the absorption of a near by Ti*" jon from the blue-green to the near infra-red®. The shift to
longer wavelengths is attributed to a weakened local crystal field as a result of interaction

with a nearby Al vacancy?® and/or Ti*" ion®*?.

The absorption shown in Figure 2.7 overlaps the fluorescence band associated with the laser
emission. In a laser configuration, this would increase the round-trip cavity losses and limit
the laser performance. The absorption band peaks at around 800nm and extends well into the
infra-red. The polarisation dependence is in contrast with the absorption characteristic of the

Ti** ion, with the o-polarised absorption greater than the m-polarised absorption.

The proportion of Ti*" included in a laser crystal is characterised by a Figure of Merit (FOM),
which quantifies the ratio of peak absorption at the useful, pump wavelength to that at
800nm, due to the inclusion of Ti**-Ti** pairs. Currently crystals with Figures of Merit in

excess of 100 may be routinely grown.

0.15
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Figure 2.7:- Absorption at wavelengths in the near infra-red due to so-called
7Tt pairs.l ’
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2.2.5 Summary of material characteristics

Sapphire is a robust, readily available material, with attractive properties for integrated optic
devices. When doped with Ti’", electronic transitions may occur between electron energy
levels of the d-shell which are split, under the influence of the local crystal field. The optical
transitions are broadened by strong coupling to vibrations in the lattice. The incorporation of

Ti*" promotes the inclusion of defects, for example Al vacancies, which in combination affect

the spectroscopy of nearby Ti*" jons.

Therefore, in the preparation of a localised gain medium in a sapphire substrate, the aim is to
selectively introduce Ti>* in a substitutional lattice site, whilst minimising the inclusion of

Ti** and associated defects in the lattice.

2.3 Ti:sapphire laser operation

Confining the pump and signal wavelengths to a waveguide configuration through the length
of the gain medium leads to the potential for significant improvement in laser performance in
comparison with a bulk, commercially available laser. For low input powers, high optical
intensities and hence a large excited state population may be achieved within a waveguide, as
radiation is confined to a modal area of the order of square microns. The waveguide modes
at the pump and signal wavelengths are maintained through the length of the gain medium,
which ensures efficient extraction of gain along the axis of the cavity. Under conditions of
low propagation loss, there is potential for forming a waveguide laser with a launched pump
power threshold orders of magnitude lower than may be achieved in a bulk configuration.
The optimum cavity design and the performance of a bulk Ti:sapphire laser have been

previously reportedzg'3 0

Aside from the difference in performance, the planar geometry also offers the advantage of a
robust, compact configuration with the potential for the colinear integration of intracavity
control components. In addition, by controllably doping a pure sapphire substrate with the
Ti>" to form the active medium, the distribution of gain in the waveguide may be optimised

according to the waveguide geometry and application.

Considering that the thermal diffusion of ions in sapphire was not developed prior to this
work, the potential performance of a waveguide laser is considered here for idealised

conditions. The model is based on that presented for a 4-level Nd-doped waveguide laser in
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glass by Mwarania®', with the addition of a term describing the FOM of the gain medium.
Other publications that present models describing optical gain and lasing in a waveguide

geometry may be found in the literature’ 234 Purther development of the model is anticipated
once the characteristics of titanium diffusion and the realisation of passive waveguides in

sapphire are fully understood.

2.3.1 Ti:sapphire laser transitions

The combination of optical and vibrational transitions between the d-shell electron energy
levels presents a close approximation to a 4-level laser system, as shown in Figure 2.8. In the
presence of radiation at a wavelength in the blue-green, ,(x,y,z), electrons in the lowest
vibrational state of the T, level are excited to an excited vibrational state of the ’E level,
from which they undergo a rapid non-radiative decay to occupy the lowest vibrational state of
the same energy band. This comprises the upper laser level, which may decay radiatively
either by spontaneous emission, or by stimulated emission of a photon. The lower laser level
comprises of an excited vibrational state of the 2T, electron energy level, which rapidly

decays, non radiatively, to the lowest vibrational state of the same energy band.

The population of the upper laser level may be solved for a given pump power by considering
that the rate of excitation equals the rate of decay under conditions of thermal equilibrium.
The rate of excitation from level 1 to 3 is given by the product of the incident photon density

(Intensity, Z,(x,y,z) / photon energy, /v, ), the absorption cross section (g,), the population of

Population, V ¢

. . . e Level 2
E Energy Level L »
Level 3
®
V¥  Population, N z0v Level 4
2T, Energy Level
Level 1

Figure 2.8:- Schematic showing the 4-level pumping scheme for the Ti:sapphire laser.
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the lower laser level and the quantum efficiency of transfer from levels 2 to 3 (). In a four
level system, at low pump powers, the population of level 1 may be approximated to the

concentration of the Ti*" ion, Ny. This is summarised in Egn. 2-1.

I (x,y,z
(EZ_ZY_J - Mo-p 7N, Egn. 2-1
1-3

\ dr hu

p

The rate of radiative decay from the level 3 to 1 is given by the sum of the spontaneous
emission rate and the stimulated emission rate; between levels 4 and 1, the electron
undergoes a non-radiative decay with a lifetime fast compared to the fluorescence lifetime.
In thermal equilibrium the rate of stimulated decay is very small in comparison with the
spontaneous decay rate. Under these conditions, the decay from the upper laser level (3) to
the ground state may be approximated to the spontaneous decay rate, given in Egn. 2-2.

Al v =)+ e nannlatinn o 1ner lager lox nd 7 ig the fluar 1
Nix,y,z) is the population of the upper laser level and 7 is the fluorescence lifetime.

di

[dN] _ N(x,»,2) Egn. 2-2
351 T

Eqgn. 2-1and Egn. 2-2 are equivalent under thermal equilibrium and may be solved to find the

population of the upper laser level, N(x,y,z), given by Egn. 2-3.

I,(x,y,2) Egn. 2-3

N(x,y,z)= o ,IN,T

The population of the exited state is therefore related to the distribution of the pump
radiation, the material characteristics of the gain medium, and the concentration of active ion.
This analysis uses the approximation that the population of level 1 is much greater than the

population of the upper laser level, level 3.

2.3.2 Threshold and slope efficiency of a 4-level waveguide laser

An example of a waveguide laser cavity configuration is shown in Figure 2.9. The
waveguide confines the pump along the length of the gain medium, providing a defined
region of excited state population. Fluorescence emitted within the numerical aperture of the
waveguide will be collected and will stimulate further emission along the axis of the

waveguide. Plane mirrors, directly butted to the waveguide endfaces provide feedback of the

31



Cross-section
through waveguide

Laser

Output

Mirror, Laser Cavity Mirror,
R17100% R2 " 95%
at 3=800nm at A=800nm

Figure 2.9:- Configuration of a laser in a channel waveguide geometry

signal wavelength into the excited region, and once the total gain is equal to the round trip

cavity losses, laser oscillation will occur.

Propagation in the waveguide is assumed to be in the z-direction. The intensity of radiation
in the waveguide at the pump and signal wavelengths, I,(x,y,z) and Iy(x,y,z), may be
represented as a product of the total power, P(z) and its modal distribution S(x,)) within the

waveguide for the pump and signal modes respectively; Pp(z)Sy(x,y) and Py(z) Ss(x,3).

Substituting I, in Eqn. 2-3, the population of the excited state is proportional to the pump
power according to Egn. 2-4.
iN,o 1
N(x,y,z) = T S, (x, )P, (2) Egn. 2-4
The pump power (P,) will decrease as a function of z, due to absorption and waveguide
propagation losses according to Egn. 2-5. The absorption coefficient is given by the product
of the absorption cross section, g, and the population in the ground state (level 1), Ny. The

distributed loss coefficient that describes the waveguide propagation loss at the pump

wavelength is f3,.

P (2) = P(O)exp|- (N,o, + f3,)z] Egn. 2-5
At the signal wavelength, the power in the waveguide depends on the gain, waveguide
propagation losses and intracavity losses. At any point in the gain medium, the fractional
change in power will depend on the stimulated emission power, the waveguide propagation

loss, and any absorption at the signal wavelength. For Ti:sapphire, reabsorption at the lasing
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wavelength is given by the Figure of Merit (FOM) which is the ratio between the absorption
at the pump and signal wavelengths. The level of stimulated emission depends on the
stimulated emission cross section, g; and the interaction between the incident signal, /i(x,y,z)

and the population inversion N(x,y,z).

Substituting for N(x,y,z) and Ii(x,y,z) in Egn. 2-6 the total gain, G, as a result of a single pass
through the gain medium of length, L is given by Egn. 2-7.
Eqn. 2-7

P(L)
0 pﬂ s

J'—dP() P

P(0) s v,

jP (2)ez [[S (%, )8, (x, y)dxdy - _[(,8 +];° 2\dz

The laser threshold occurs when the total losses equal the gain in a round trip of the cavity.
Mirrors of a power reflectivity R; and R, would contribute a loss coefficient of /n(R;) and

In(R;), so that the threshold will occur for a pump power threshold which satisfies Eqn. 2-8

G =mI(RR,) Egn. 2-8
The pump power threshold of the waveguide laser is therefore given by Egn. 2-9. The
equation is grouped to show terms describing loss at the signal wavelength, terms describing
the absorption of the pump power, a term characterising the waveguide modes and a term

containing the spectroscopic characteristics of the gain medium.

Egn. 2-9

= (B, + Noo, L_In(Rle) Nyo, +5, 1 hv,
M 2 NOO-P (1 _ e‘(NoUp‘Fﬂp)L) IISS (x, y)Sp (x, y)dxdy T?]O's

Above threshold, the laser output power will increase with increasing pump power according
to the slope efficiency of the system. The output power is related to the oscillating
intracavity power by the transmission of the output mirror (7). The ratio of power at the
signal wavelength compared to the pump wavelength is related to the energy difference
between the pump and signal wavelengths, to the quantum efficiency and to the total round

trip cavity loss, RTL. The slope efficiency (SE) is given by Egn. 2-10.

SE = —Pry-mm— Egn. 2-10
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The total round trip cavity loss, RTL is given by the sum of the intracavity round trip loss,

described by the coefficient, 2a, and the loss through the cavity mirrors, (2aL-In(R;R3)).

2.4 Potential performance of a Ti:sapphire waveguide laser
Features of a Ti:sapphire waveguide laser may be explored using the model described in
§2.3. According to Egn. 2-9, the pump power threshold 1s dependent on;

e the material parameters, oy, 0, # and 7

the cavity configuration, R; and R;
o the waveguide length, L
e the waveguide geometry, Ss(x,y) and Sy(x,y)
e the propagation losses at the pump and signal wavelengths, f,, f;
e the pump absoiption, Nyo,
According to Eqn. 2-10, the laser slope efficiency is dependent on the ratio of the

transmission of the output coupler to the total round trip cavity losses.

In the following calculations, it is assumed that the gain region is homogeneously doped with

Ti**, and the properties of the waveguide and gain medium can be independently

manipulated.
24.1 Influence of material parameters and cavity configuration on pump power
threshold

The material parameters oy, 0,, #, 7 have been experimentally determined by several authors

in the course of investigation of bulk Ti:sapphire laser systems and spectroscopic

studies'> 1721273336 1 the following calculations, the values used are given in Table 2.1 and
are assumed constant under the conditions stated. The reported values of the quantum
efficiency exhibit the greatest variation, ranging from 0.42% to figures close to unity15 16 In
general the higher values are reported for lower Ti** concentrations and for Ti:sapphire lasers
operating in pulsed mode. A value of 0.5 is taken for the purposes of the following
calculations. Since the pump power threshold is inversely proportional to the quantum

efficiency, a greater value of 1} would decrease the projected pump power threshold.
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Parameter Value used in modelling
Stimulated emission cross section, a; | 3.5 102 m*
(m-polarisation)™

Absorption cross section, o, 9.3-10% m™
(r-polarisation)*’

Quantum efficiency, n 0.5

Lifetime”, t 3.2:10°s

Table 2.1:- Material parameters used in the modelling of the waveguide laser performance

The reflectivities of the mirrors that form the laser cavity have a direct bearing on the pump
power threshold and laser efficiency. According to Egn. 2-9, the lowest pump power
threshold would be achieved with high reflectivity mirrors. However, this configuration
would also lead to a low slope efficiency, considering Eqn. 2-10; this is discussed further in
§2.4.5. In the following calculations, the power reflectivity of the cavity mirrors is assumed
to be 100% and 95% at the signal wavelength. The laser output is directed through the 95%
reflectivity mirror, which is referred to as the output coupler. The output coupling is

therefore 5%, given by the power transmission of the mirror.

24.2 Effect of waveguide mode size on the laser threshold

The factor J_[SS (x, )8, (x,y)dxdy in Eqn. 2-7 describes the overlap of the pump and signal

modes in the waveguide. In a diffused channel waveguide, the mode profiles are defined by
the graded refractive index distribution provided by the diffusion doping. However, in the
absence of data for diffused Ti:sapphire refractive index profiles, trends in the characteristics
of a Ti:sapphire waveguide laser may be illustrated by approximating the mode profiles to
circularly symmetric Gaussian distributions. The mode profiles are characterised by full
width at 1/e of the peak intensity (w, and w; for the pump and signal widths respectively) and
follow the form of Eqn. 2-11, which is normalised to unit area according to Eqn. 2-12. For
these mode profiles, the overlap integral can be solved analytically, as shown in Egqn. 2-13.

I | [ x4y a1
S(x,y)= 2expL— o J gn. 2-11
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J‘S (x,y)dxdy =1 Egn. 2-12

_”Ss (x,_y)Sp (x, y)dxdy =%
z(w,” +w,")

Egn. 2-13
Since the pump power threshold is inversely proportional to the overlap integral, the
threshold will increase proportionally with sz + wsz . This relation is shown in Figure 2.10,
where the pump power threshold is calculated for a range of mode sizes and waveguide
lengths. In this calculation, the width of the mode at the signal wavelength is assumed to be
slightly greater (ws;=1.2w,) than at the pump wavelength, to reflect the lesser degree of
confinement at longer wavelengths; the choice of this relation between the pump and signal

mode sizes is entirely speculative. The waveguide propagation losses are assumed to be

negligible and the waveguide region homogeneously doped at 0.1wt% Ti,03.

Figure 2.10 shows the pump power threshold decreasing with increasing sample length, for
mode sizes of 1, 3 and 10um at the pump wavelength. The threshold tends towards the
limiting value of 1.4 10 wp2 W as L—oo, according to Egn. 2-9. This is the lowest pump
power threshold that may be achieved with complete absorption of the pump, a 5% output
coupler and no intracavity losses. For the 1, 3 and 10pm pump mode sizes, the limiting

thresholds are 1.4, 13 and 140 mW respectively.

Although these calculations are based on simple Gaussian modal distributions, they allow an

estimate of the potential laser characteristics to be made and trends in the pump power

\
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Figure 2.10:- Variation in pump power threshold with waveguide length for
waveguide mode sizes of 1, 3 and 10um at the pump wavelength.
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threshold to be observed for a range of modal spot sizes and sample lengths. In the

following sections, the mode intensity distribution is assumed to be Gaussian, with

ws = 1.2w, = 3um.
2.4.3 Effect of loss at the signal wavelength on the threshold of a Ti:sapphire

Losses in the laser cavity at the signal wavelength will increase the pump power threshold, as
a greater level of stimulated emission is needed to increase the round trip gain. Losses
include scattering from the waveguide, given by the loss coefficient f; and absorption due to
Ti**-Ti* pairs, characterised by the Figure of Merit, FOM. The effect of these losses on the
pump power threshold are shown in Figure 2.11, for a 5% output coupler, a 3um mode size at

the pump wavelength and a uniform Ti’" concentration of 0.1wt%.

Curve (a) presents the laser performance in the absence of any material losses in the cavity;
as discussed in §2.4.2, the threshold decreases with sample length, tending towards the
limiting value of about 13mW. Curve (b) shows that with a finite propagation loss of
1dB/cm at the signal wavelength, the threshold is higher and a minimum pump power
threshold is observed for a sample length of 2.4mm. The minimum threshold 1s 78mW, 6

times greater than the limiting threshold with no loss at the signal wavelength.

500

300 -
Pump Power
Threshold
200 —
ImW

Sample Length /mm

Figure 2.11:- Pump power threshold of Ti:sapphire waveguide laser as a function

of sample length, for a range of intracavity losses at the signal wavelength; (a) no
propagation loss, (b) 1dB/cm propagation loss, (c) 1dB/cm propagation loss and
reabsorption due to FOM of 50, and (d) 5dB/cm propagation loss.
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Curve (c¢) shows the affect of absorption at the signal wavelength, for material with a figure
of merit of 50 and a propagation loss of 1dB/cm. The absorption increases the minimum
pump power threshold from 78mW to 92mW and slightly decreases the optimum sample

length. Material with figure of merit of 50 is equivalent to an additional intracavity loss of

0.3dB/cm.

Curve (d) further illustrates the effect of increasing cavity losses on the pump power
threshold. For an intracavity loss of 5dB/cm, the minimum threshold is about 270mW for a

device length of just under Imm. This is 20 times the limiting threshold with no loss at the

signal wavelength.

In summary, losses at the signal wavelength increase the pump power threshold. An

optimum sample length is found, which decreases as the losses increase.

2.4.4 Effect of Ti’* concentration on the threshold of a Ti:sapphire waveguide laser
The effect of the Ti®" concentration on the pump power threshold is shown in Figure 2.12,
considering a 1dB/cm loss at the signal wavelength, 5% output coupler and 3pum mode size at
the pump wavelength. With decreasing absorption length (equivalent to an increasing Ti**
concentration for a given propagation loss), the minimum pump power threshold decreases

and the optimum sample length decreases.

500 I
400
Abs length = 6.7mm (equiv 0.05 wt% Ti*")
200 Abs length = 3.3mm (equiv 0.1 wt% Ti*")
Pump Power Abs length = 1.7mm (equiv 0.2 wt% Ti**)
Threshold
mW
200
100

Sample Length /mm

Figure 2.12:- Pump power threshold as a function of sample length for a range of
absorption lengths, assuming a total loss of 1dB/cm at the signal wavelength
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2.4.5 Efficiency of waveguide laser above threshold

Referring back to Eqn. 2-10, the slope efficiency is related to the ratio of the output coupling
and total round trip loss in the cavity. Figure 2.13 presents the laser output power
characteristics for the waveguide lasers described in Figure 2.11, optimised in length for
lowest threshold operation. Curve (a) shows the power characteristics for a laser operating
with 5% output coupling, a 3um mode size at the pump wavelength, doped at 0.1wt% with
Ti** and with no propagation losses at the signal wavelength. Under these conditions, a
lowest threshold of 13mW may be achieved and a slope efficiency of 30%. For the same
laser, except for aldB/cm propagation loss at the signal wavelength, the power characteristics
are shown by curve (b). A minimum threshold of 78mW is achieved for a sample length of
2.4mm (as discussed in §2.4.3), and a slope efficiency of 9.5%. Curves (c) and (d) present
the power characteristics for lasers with a further increase in loss at the signal wavelength.
For a 1dB/cm propagation loss and a FOM of 50, a slope efficiency of 8.5% is achieved. For

a 5dB/cm propagation loss, the slope efficiency decreases further to 6.5%. In conclusion, as

the loss at the signal wavelength increases, the slope efficiency decreases.

For these results, the transmission of the output coupler was set at 5%; greater slope
efficiencies may be obtained by increasing the transmission although the threshold would
also increase. For a particular launched pump power an optimum cavity configuration may
be found for optimum overall power conversion, for the given characteristics of the

waveguide and gain medium.

lLoss =1 dBem™!
(@) FOM =50
SE=8.5%

Loss =0,
SE = 30%

80 1 \
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Loss =1 dBcm™

power SE=9.5%
ImW 40 \ (b}
20 4
(d) Loss=5dBcm
/ SE =6.5%
0 - T

0 100 200 300 400 500 600 700 800 900 1000

Incident pump power/ mW

Figure 2.13:- Laser output power characteristics, for a range of intracavity losses

at the signal wavelength. (a) No propagation loss, (b) 1dB/cm propagation loss,
(c) 1dB/cm propagation loss and FOM of 50 and (d) 5dB/cm propagation loss
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2.4.6 Discussion of Ti:sapphire waveguide laser model

Using a simple model of a four level laser, expected trends in the characteristics of a
Ti:sapphire waveguide laser have been explored. Under appropriate conditions, there is
potential for realising a laser with a pump power threshold of less than 100mW. In the
model, the waveguide modes were approximated to Gaussian power distribution, with the
mode size slightly increased for the signal wavelength compared to the bulk and the Ti**
distribution is assumed to be homogeneously distributed throughout the waveguide. In the
proposed Ti:sapphire laser, deviations from this configuration will occur as both the gain
medium and the waveguide are fabricated by thermal diffusion. These features may be

included with further development of the model, once the characteristics of the diffused

material are known.

The pump power threshold is inversely proportional to the overlap of the waveguide modes at
the pump and signal wavelengths, and with mode sizes of the order 3um, the minimum pump
power threshold is 13mW for 5% output coupling. Losses within the cavity at the signal
wavelength will increase the threshold and lead to an optimum sample length. For example,
the occurrence of a 1dB/cm propagation loss at the signal wavelength, will increase the
minimum pump power threshold from 13mW to 78mW. Therefore, to design a laser with a
low threshold, the aim is to achieve tight confinement of the waveguide modes, and low
losses at the signal wavelength. Then, according to this model, once the losses in the

waveguide system are minimised, the Ti** concentration should be maximised and the sample

length minimised.

These conclusions, however, are limited since some of the characteristics of the Ti:sapphire
medium have been simplified in this model. For example, the FOM is reported to increase
with Ti concentration®?, and in practice, the waveguide propagation losses may be related to
the Ti concentration. In addition, considering that the difference in the absorption and
fluorescence wavelengths (approximately 500nm and 800nm respectively), it is apparent that
40% of the absorbed energy is not re-emitted as photons at the signal wavelength. This
energy may be dissipated by heating of the active medium. Temperature changes will reduce
the excited state lifetime, reduce the quantum efficiency and increase the local refractive
index, affecting the waveguide properties. Therefore, once losses in the waveguide are
minimised, an optimum Ti** doping level and sample length may be expected for a given

mode size.
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In the Ti:sapphire waveguide laser reported in this thesis, both the waveguide and the gain
medium are formed by the thermal diffusion of Ti into sapphire so that the Ti’* concentration
and the waveguide characteristics are closely tied. In future devices, the introduction of a
second ion to form a passive waveguide, independent of the gain medium would significantly

enhance the flexibility of waveguide laser design.

2.5 Summary of chapter

Sapphire is a robust, inert single crystal, with high transparency at wavelengths in the visible
and near infra-red regions. However, when Ti*" is incorporated substitutionally for an AP*
ion, a broad absorption appears in the blue-green with a corresponding broad emission band
centred at 760nm in the near infra-red. The absorption and emission bands are due to a
transition of the outer most electron of the Ti>* ion between d-shell energy levels, which are
split by the sapphire crystal field. In combination with rapid non radiative decays between

excited vibrational states, the dynamics of a 4-level laser system are set up.

Assuming that the realisation of appropriate waveguides is possible, it is expected that a
Ti:sapphire laser may be realised with a pump power threshold less than 100mW. A simple
model indicates that once the losses at the signal wavelength have been minimised, the Ti**
ncentration should be maximised and the sample length optimised for low threshold
operation. However in practice, it is expected that an optimum Ti** doping level will exist
for a given waveguide configuration. Further development of the model is anticipated once
diffused waveguides in sapphire are realised for the first time and the characteristics of

diffused Ti** gain medium are investigated. The diffusion doping of sapphire is discussed in

the following chapter.
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CHAPTER 3

REVIEW OF DIFFUSION IN SAPPHIRE

3.1 Introduction

To realise the Ti:sapphire waveguide laser, it is proposed that Ti*" is introduced into a
nominally pure sapphire wafer by thermal diffusion. Thermal diffusion presents an
appropriate fabrication technique, since it offers control over the depth, concentration and

spatial distribution of the diffusant, and hence gain medium and waveguide properties.

In this chapter, the basis for the diffusion experiments is established by reviewing simple
diffusion theory and published work on the interaction of impurities with sapphire. Ideal
solutions to the diffusion equation are presented in order to illustrate the diffusion profiles
expected for ideal diffusion conditions. Mechanisms that may cause deviation from the ideal
conditions are outlined, in anticipation of the experimental results presented in chapter 4.

The discussion is followed by a review of previous studies in sapphire for the metals Al (self-
diffusion), Cr, Ni, Fe, Ag and Cu, which serves to highlight the range of diffusivities and
diffusion mechanisms that may occur in sapphire. These reviews lead to a discussion of
conditions appropriate for the experimental study of Ti diffusion in sapphire. The aim of this
chapter is to determine the basis for the experimental diffusion studies that are reported in

chapter 4 and lead to the realisation of a waveguide laser.

3.2 Diffusion Dynamics’

The original model describing the diffusion of particulants was proposed by Fick in 1855, by
comparing mass transport to that of heat flow through a medium. Just as heat flows in a
temperature gradient, a particle flux will exist under conditions of a concentration gradient.
Quantitatively, the flux is proportional to the concentration gradient, with the constant of

proportionality described by a diffusion coefficient. In one dimension, this is summarised by

45



Eqn. 3-1, where J is the flux, D the diffusion coefficient and C(x) the concentration, defined

in the x-ordinate as indicated by the subscript.

J, =-p ¥& Eqn. 3-1
dx

The rate of change of concentration in any discrete volume is given by the differential flux

through the volume according to Egn. 3-2, a relation that constitutes the condition of mass

[¢]
(@]

conservation.

dJ,  dC() Eqn. 3-2

dx dt
Substituting for J, a relation describing the concentration distribution as a function of time for

given diffusion rate is forthcoming. Assuming the diffusion coefficient is independent of
concentration, the diffusion equation reduces to Egn. 3-3, which may be solved for a range of

practical geometries to identify the distribution of the diffused species, C(x,2).

dC(x d*C(x
() =D, 72) Egn. 3-3
dt dx
The diffusion coefficient describes the rate of movement through the lattice and is a function

of temperature following the thermodynamic relation given in Egn. 3-4. Q) is the activation
energy of the movement, R is the universal gas constant and D, a constant of proportionality.
Both Q and D, may be modelled in terms of the fundamental thermodynamic properties of
the lattice', although are more usually determined experimentally, by considering changes in

the diffusion coefficient as a function of temperature.

RT

The relation described in Egn. 3-3 gives one of the least complex diffusion relations that may

D =D, exp(— —Q—] Eqgn. 3-4

be observed in a practical system. Solutions to this relation are presented in the following

section for two sets of boundary conditions that may occur between an ideal planar diffusion

source and a substrate.
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3.3 Solutions to the diffusion equation

Egn. 3-3 may be solved for diffusion between a thin film source and substrate, infinite in
extent in two dimensions, with the diffusion progressing in the third dimension (x-direction),
as shown in Figure 3.1. This is solved in the following sections for the case, (i) when the
source is unlimited in thickness and (ii) when the source is instantaneously depleted. In
practice for the fabrication of integrated optic devices, the geometry will fall between these

two extremes, with the thin film depleted during the diffusion anneal.

@) Unlimited diffusion source
h—
y—>®
Z —> 0

| (i)  Instantaneous diffusion source

X Substrate h—0
y—>®
Z—>®

Figure 3.1:- Formation of a diffusion couple between a diffusion source and a substrate

3.3.1 Solution for an unlimited diffusion source

When the diffusion source is sufficiently thick, the diffusion may be considered to be
unlimited in extent so that the supply to the surface is constant throughout the diffusion
anneal. At the interface between the source and the substrate, the diffusant concentration will
be maintained at the maximum solubility at the diffusion temperature, C;. Applying these
boundary conditions, the diffusion equation may be solved in terms of the complementary

error function (erfc), as given in Egn. 3-5 below. D is the diffusion coefficient and 7, the

diffusion time.
Boundary Conditions: x 2
Initially at t = 0, C(x,t) is Clx,t)y=C|1- ‘[exp(— D ) Eqn. 3-5
C(0,0) = C; and C(>0,0) =0 : t
X
Then att =t, C(x,t) is =C erfc
(x.7) f N

C(0,1) = Cs and C(>0,t) = C(x,1)
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Figure 3.2:- Solutions to the diffusion equation for an unlimited diffusion
source, for effective diffusion depths of 2,5 and 10 units.

The solution is characterised by the maximum surface concentration, Cs, and the factor

2\/_5; . The factor 2\/5 is referred to as the effective diffusion depth, characterising the
depth at which the concentration has fallen to erfc(1) (= 0.157 ) of the peak value at the
surface. Examples of the diffusion profile, calculated for effective diffusion depths of 2, 5
and 10 units are shown in Figure 3.2. Under these conditions, the total amount of dopant
incorporated increases with time, which is expected considering that the diffusion source has
infinite thickness. For the purpose of this illustration, the surface concentration, Cs has been
normalised to 1. In a practical system, the surface concentration will be given by the

maximum solid solubility of Ti in sapphire, which increases with tempelra’ture2 .

3.3.2 Solution for an instantaneous diffusion source

A thin film deposited on a substrate may be rapidly depleted by diffusion into the substrate.
Under these conditions, the diffusion may be approximated to have occurred from a diffusion
source that is instantaneously depleted. Applying the corresponding boundary conditions, the
diffusion equation may be solved analytically to yield the concentration, C(x,#), as a function
of depth, x, and diffusion time, ¢, given in Egn. 3-6. Q is the total number of diffusant atoms

supplied per unit area of the surface and D is the diffusion rate.

48



Boundary conditions:
Initially att = 0,

C0,0)dx=0Q and C(x,0) =0 0 B x° ]
.[ C(x,t)= N exp( 4Dt] Eqgn. 3-6

Then, at t =1, JC’(x,t)dx =0
0
The solution is characterised by a Gaussian profile for which the concentration falls to 1/e of

the peak value at a depth of 24Dt , the effective diffusion depth. At all times, the peak
concentration is located at the surface, x=0, although the peak concentration decreases with
time. The total number of particles included in the substrate remains constant, given by the

initial number of atoms supplied per unit area of surface, Q. These features are illustrated in

Figure 3.3, which shows the diffusion profile for effective diffusion depths of 2, 5 and 10

units.

3.3.3 Summary of ideal diffusion dynamics

By thermal diffusion from a thin film diffusion source, an impurity may be controllably
introduced into a substrate. For a source that is unlimited in extent the diffused profile will
follow an erfc form. The concentration at the surface will be equal to the solid solubility of
the diffusant in the substrate, which is a function of temperature. With increasing diffusion
time, greater diffusion depths are achieved, whilst the surface concentration remains constant.
If the diffusion source is instantaneously depleted at the diffusion temperature, the diffused

concentration profile will follow a Gaussian form. With increasing diffusion time, the depth

0.3

0.2 —
Concentration -
farb units -
0.1~
0-0 L4 | ] l 1 1 | § E 3 [] l ] ] |} §
0 5 10 15 20 25

Depth / arb units

Figure 3.3:- Solutions to the diffusion equation for an instantaneous diffusion
source, for effective diffusion depths of 2, 5 and 10 units.
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of incorporation increases and the maximum surface concentration decreases. The diffusion
coefficient increases exponentially with temperature. Therefore, this ideal model indicates
that the diffusion depth, the form of the profile and the concentration may be controlled by
varying the diffusion time, the source thickness and the diffusion temperature.

3.4 Deviations from the simplest diffusion conditions

The solutions to the diffusion discussed in §3.3 present the extremes of the most practical
diffusion experiments designed to realise materials for integrated optical devices. Typically,
a thin film source of finite thickness is deposited on the substrate surface, which is consumed
during the diffusion. Therefore, the diffused profile will contain character of the two
solutions. For times before the source is depleted, the profile will approximate to the erfc

solution. For longer times, the surface concentration will decrease and the profile will tend

towards that of a Gaussian distribution.

Further deviations from the ideal dynamics described in §3.3 may arise depending on the
combination of substrate, source and experimental conditions. For example:-

e more than one diffusion mechanism may exist

® more than one species may be diffusing in the lattice

e diffusion rates may vary with direction in the lattice

e inhomogeneities in the lattice may lead to a spatially dependent diffusion rate

e evaporation of material may occur from the exposed surface

e achemical reaction may occur between the diffusion source and substrate

The potential for these mechanisms affecting the diffusion of Ti into sapphire is discussed in
§3.6. However, the effect of more than one diffusion rate is elaborated further in the
following section, in anticipation of the review of diffusion studies of metals in sapphire. In
the main, these studies were motivated by the need to independently identify lattice and

dislocation diffusion rates in sapphire.

3.4.1 Competitive diffusion routes

The solutions to the diffusion equation presented in Egn. 3-5 and Egn. 3-6 assume the
diffusion uses sites which are homogeneously distributed throughout the lattice. This may be
achieved if the diffusion occurs by interstitial sites or by point defects that exist under
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conditions of thermal equilibrium. However, a crystal structure will also contain a network
of extended defects such as dislocations or grain boundaries. These extended defects may
provide an alternative diffusion route (a “short-circuit” diffusion route), which is faster than
the lattice diffusion rate. The presence of a faster diffusion route in addition to the lattice
diffusion can lead to significant deviations in the measured diffused profile from the ideal
diffusion scheme presented in §3.2. The characteristics of the diffusion profile under these
conditions have been extensively discussed in published work ", and so only brief
qualitative description is presented here. The features are highlighted in anticipation of the

review of literature discussing the diffusion of metals into sapphire.

3.4.2 Effect of an additional fast-diffusion route on the diffused profile

Qualitatively, Figure 3.4 shows the effect of a fast diffusion rate (D) along extended defects
and a slower lattice diffusion rate (D)) on the distribution of a diffusant. In this diagram, the
extended defects, such as dislocations, or grain boundaries, are assumed to be oriented
perpendicular to the surface. The effective diffusion depths corresponding to the respective

diffusion rates are described by d; and d|.

Three distinctive diffused profiles are illustrated in Figure 3.4, identified as types A, B and C,
with the difference between each type given by the relative rates of diffusion and the
distribution of the extended defects. Type A corresponds to the case when the distance
between extended defects is small compared to the effective lattice diffusion depth (d;). Type
B occurs when the effective lattice diffusion depth (d) is less than the average separation of

extended defects. Type C occurs when the lattice diffusion rate is very small compared to the

size of the extended defects.

da

Type A Type B Type C

Figure 3.4:- Type A-C diffusion profiles following diffusion along both extended defects

and through the lattice, with effective diffusion depths dg and d; respectively. The
extended defects are oriented perpendicular to the surface, represented by solid lines.
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In each of type A-C, the combination of diffusion mechanisms leads to a spatially dependent
diffusion profile, with the greatest contrast observed for type C. The techniques available for
analysing diffused profiles will normally sample a large area compared to the spatial
fluctuations and so the measured concentration of a diffusant is averaged over a depth plane.

This leads to distinctly different diffused profiles being measured for each of types A-C.

Type A kinetics lead to a diffused profile that can be characterised by an effective diffusion
rate, which is greater than D;. The enhancement of the effective diffusion coefficient relative
to the lattice diffusion coefficient depends on the relative number of diffusion sites on the
lattice compared to the extended defect. This system could provide a useful method of
enhancing the apparent diffusion rate of dopants in sapphire, as long as the high defect
density does not adversely affect the physical and spectroscopic properties of the diffused

In contrast, in type C kinetics the effect of the lattice diffusion is very small compared to the
transport along the extended defects. In consequence, D; and D, can be distinguished, as the
diffused profile would be a close approximation to a linear sum of the concentration
contributed by the independent diffusion rates. Whilst attractive for identifying D; and D,
independently, this system is rarely used in diffusion experiments, as it is demanding on the

sample morphology and the sensitivity of the analysis technique.

Type B kinetics are often used in diffusion experiments, as the contributions from D; and Dy
can be distinguished from the measured diffused profile. Models describing the diffused
rofile for various types of extended defects, such as grain boundaries and dislocations are
well advanced. An example of the diffused profile is shown in Figure 3.5, which has been
published for the self-diffusion of Al in Al,O3. The shallowest region of the graph is
dominated by the lattice diffusion kinetics and the deeper section is dominated by diffusion
along the extended defects. Observing the behaviour of the diffusion profile as a function of

time, the nature of the extended defects can be established and estimates made for D, and D

In summary, the influence of extended defects oriented parallel to the surface, on the diffused
distribution has been illustrated qualitatively. Three regimes have been highlighted which
are distinguished by Dy, D; and the density of the extended defects. Each of type A-C leads

to spatial inhomogeneities across a depth plane, on a scale comparable to the spacing of the

extended defects.
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Figure 3.5: Semilogarithmic plot of the residual activity, A, as a function of depth
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reported by Legall 0, the diffusion of the radioisotope “Al into sapphire. A, is

proportional to the “5Al concentration.
In the diffusion of Ti** into sapphire, fast diffusion routes along extended defects are
expected to exist. If the diffused profiles tend towards that of type B or type C, the spatial
inhomogeneities may affect the properties of a waveguide laser formed in the diffused region.
Greater homogeneity and a faster effective diffusion rate may be achieved if type A kinetics

are realised, although the higher density of defects may affect the properties of the gain

medium.

3.5 Review of diffusion studies in sapphire

Interest in the incorporation of impurities in Al,O; spans several decades. However, much of
the research was motivated by the ceramics (sintered Al,Os) industry and there is only
limited data available for diffusion in single crystal Al,Os, sapphire. The studies reviewed in
this section discuss the movement of Al (self-diffusion), Ni, Cr, Fe, Ag and Cu in sapphire.
In many of the studies, two components to the diffusion are observed, explained as diffusion
through the lattice and a faster diffusion along short-circuit diffusion routes. None of the

diffusion studies was carried out with a view to developing an integrated optic device.

The general experimental method involves the formation of a diffusion couple between a

source and substrate, followed by a controlled heat treatment. Often, the sapphire substrates
were pre-annealed at a t
equilibrate the defect structure prior to the diffusion experiment. Information on the
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diffusion rates and diffusion mechanisms was obtained by observing trends in the diffusion

profile for a range of temperatures and diffusion times.

The form of the measured diffused profile and the subsequent interpretation of the diffusion
coefficients rely on the resolution of the diffused profile. Early diffusion studies relied on the
use of radioactive diffusion sources, for which the diffusion profiles were established by
sequential sectioning of the diffused region and monitoring the radioactivity of both the
removed material and the remaining substrate. This technique requires radioactive sources
and relatively deep diffusion depths. More recently, the depth profiling technique, Secondary
Ion Mass Spectrometry (SIMS) has been applied to sapphire. This technique removes the
need of a radioactive isotope and has the potential for greater sensitivity to low
concentrations and has a higher depth resolution. The use of SIMS to analyse a depth profile

is discussed further in chapter 4.

The diffusants that are considered in the following sections are the radioisotopes *°Al, '°Ag,
Ni, °'Cr, *°Fe and the metals Ag and Cu. The diffusion of Ti in sapphire has not been
directly studied, prior to the work reported in this thesis. By considering that Ti may exhibit
diffusion rates similar to the other transition metal ions, an appropriate range of diffusion

conditions may be established for the initial experimental studies.

3.5.1 Self-diffusion of aluminium

The movement of aluminium ions around the sapphire lattice has been investigated using a
radioisotope of aluminium, 2A17®, The isotope has a long half life (in excess of 107 years)
and is not readily available. As a result, reports describing aluminium self diffusion are
limited to include an early investigation by Palandino (1962)® in polycrystalline ALO; and
more recent work by Legall (1994)’ in sapphire. The diffusion coefficients were measured
over the temperature range 1540°C-1905°C and span over approximately over 7 orders of

magnitude for the various experimental conditions. These results are summarised in Figure

3.6.

In the early study by Palandino, polycrystalline alumina rather than single crystal sapphire,
was used as the substrate material. Considering the large number of grain boundaries present
in such a system, it is likely that the observed diffusion is due to movement through a
combination of lattice and grain boundary sites. The later study by Legall considered self-
diffusion in a preannealed single crystal over times up to 250hrs, analysing the diffused
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Figure 3.6:- Self diffusion coefficients reported for %41 in polycrystalline alumina
and sapphire, after Palandino® and Legall7.

profile up to depths of about 10pum. Two components to the diffusion were observed and
interpreted assuming type B kinetics. From the initial section (depth <lpm) lattice diffusion
rates were obtained, as shown in Figure 3.6. The diffusion rate corresponding to the faster
diffusion route (described as subboundaries) was estimated to be about 10° times faster at a

temperature of 1610°C.

The coefficients of Al self-diffusion in sapphire are of interest because the diffusion rate will
indicate the mobility of defects in the lattice. For lattice diffusion rates, the aluminium self-
diffusion will occur by movement to a neighbouring aluminium vacancy. The number of
vacancies and the energy required to change sites will determine the rate of movement. For
the crystals used in the Legall study, silicon is known to be an impurity and its presence will
increase the density of aluminium vacancies by several orders over the intrinsic defect
density at the diffusion temperature. The measured self-diffusion of Al in the lattice will
correspond to the movement through extrinsic defects and may be described as an
extrinsically controlled diffusion rate. Assuming the aluminium vacancies are not bound to
the silicon impurity, the temperature dependence of the diffusion will indicate the activation
energy of the migration of point defects in the lattice. The reported activation energy for A1
lattice self-diffusion, and hence the activation energy for point defect migration is 510

KJ mol™!, which serves as a comparison for other impurities which diffuse by aluminium

vacancies.
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In summary, self-diffusion rates for “°Al have been reported in the temperature range 1540-
1905°C, spanning about 7 orders of magnitude. Diffusion rates corresponding to movement
through the lattice and subboundaries have been identified, with the diffusion coefficient for

subboundary diffusion about 10° greater at a temperature of 1610°C. The density of
sapphire, leading to the
he actiy

Th ivation ene

aluminium vacancies is related to the impurity content of the

d lattice diffus

on rate. oy of
oJ

diffusion is 510 KJ mol™ and corresponds to the activation energy for diffusion of aluminium

vacancies.

3.5.2 Movement of chromium in sapphire

10,

The results of studies of chromium lattice diffusion in sapphire by Lesage’, Stubican'® and

Moya11 are summarised in Figure 3.7, in comparison to the lattice self-diffusion rate for 2A1.
The diffusion rates observed for Cr in sapphire are interesting in comparison with aluminium
self-diffusion, as Cr’" is only about 20% bigger than AI’* and has complete solubility in the

Al,O3 lattice at elevated temperature.

The diffusions were carried out over the temperature range 1000-1700°C, using both
radiotracer techniques”'® and Secondary Ion Mass Spectrometry'' to identify the diffused

profile. In each case, two components to the diffusion were identified and attributed to
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Stubican'® and Moya'!, with the lattice self-diffusion coefficient of Al determined
by Legall shown for comparison.
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movement through the lattice and to movement through short-circuit diffusion routes, such as
grain boundaries and dislocations. The Arrhenius relations describing the lattice diffusion
coefficients for the temperature range studied are given in Egn’s 3-7, 3-8 and 3-9; along

short-circuits the diffusion rate was several orders of magnitude greater.

-1
cp(_ BUSESOKIml™ g o

~7
D(1200 —1600°C) =(2.58+1.5)-107 ¢ )

Stubican RT
+ -1
D(1000-1500°C),,,,,, =1.2-107™ exp(~ (290 312)71””“” ) Eqn. 3-8
-1
D(1200-1700°C) .., = 6.9-107" exp(—%) Egn. 3-9

The measured lattice diffusion rates shown in Figure 3.7 range over about 3 orders of
magnitude and are very similar in slope. The similarity in slope indicates the activation
energy for migration is similar in all three experimental studies. In each case, the activation
energy is less than that of aluminium self-diffusion, implying the larger Cr’" ion has greater
mobility in the lattice than a native AP ion. The range of diffusivities reported for Cr lattice
diffusion may be explained by differences in the impurity content and defect density. For
example, the crystals used by Stubican had a significantly greater impurity content than those

used by Moya.

Along short-circuit diffusion routes, Moya and Stubican report an enhancement in the
diffusion rate of 1.3-10° and 10°-10° respectively. This estimate of fast diffusion along short-
circuit routes is similar to that reported for **Al by Legall. In contrast, the enhancement of
diffusion rate along short-circuits reported by Lesage is significantly lower at about a factor

of 10.

Stubican also considered diffusion rates in different crystalline directions and concluded that

the lattice diffusion rate exhibited no anisotropy.

In summary, Cr diffusion in sapphire has been studied in the temperature range 1000-
1700°C. The measured activation energies of lattice diffusion rate are in close agreement and
less than that reported for 2°Al self-diffusion, indicating the impurity ion has greater mobility
than the AI** ion. The measured lattice diffusion rate varies between studies, a feature that is

likely to be due to different trace impurity concentrations in the sapphire and hence a

57



different defect density. Diffusion rates along short-circuits are reported to be about 10°-10°

times greater than the lattice diffusion rates.

3.5.3 Diffusion of nickel in sapphire

The diffusion of nickel in sapphire was considered by Lesage9 using the Ni radioisotope.
Nickel in a 3+ valence state, may be substitutionally incorporated on the aluminium lattice,
with an ionic radius only slightly smaller than Cr’*. Other valences of Ni may also exist in
the sapphire lattice, although a local defect structure is required to compensate for the
difference in charge. Oxidation and reduction of nickel in a sapphire lattice has been
observed on annealing at temperatures of 800-900°C in the appropriate atmospheres'?. In the
diffusion study discussed here, diffusion was carried out at atmospheric oxygen pressure over

the temperature range 1200-1700°C. The valence of the diffused Ni cannot be identified by

the radiotracer technique used.

The diffusion coefficients measured by Lesage for nickel are shown in Figure 3.8 in
comparison with the 2°Al lattice diffusion rate reported by Legall. Two diffusion rates were
identified for the movement of nickel, one attributed to lattice diffusion, and the second

attributed to a faster diffusion route. The Arrhenius relation describing the lattice diffusion is

given in Egn. 3-10.
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Figure 3.8:- Diffusion rates reported by Lesage’ for the radiotracer " Ni, with the lattice self-
diffusion coefficient of 2541 determined by Legall’ shown for comparison.
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RT

The lattice and enhanced diffusion rates are similar in magnitude to those determined for

D(1220-1700°C),, = 2.53-107° exp(

chromium by the same author. This may be expected if the diffusion occurs by the same

mechanism for Ni and Cr and if the impurity content and defect structure of the substrate are

similar.

3.5.4 Diffusion of Iron in sapphire

The diffusion of iron in sapphire has been reported by Lesage’ and Lloyd". Iron is a
transition metal ion that, in the 3+ valence, is similar in ionic size to both Cr’" and Ni**. A
range of possible oxidation states of Fe exists and has been observed in sapphire. Ionic states
other than Fe’" will require a local mechanism for compensating for charge, for example, in
the form of a local defect structure or an associated impurity. Lloyd considers the occurrence
of iron in states other than 3+, although concludes that under the conditions used, the

concentrations may be expected to be lower than the background impurity concentration.

The diffusion coefficients measured by Lloyd and Lesage are shown in Figure 3.9, in

comparison with the lattice diffusion coefficient for 26 Al self diffusion reported by Legall’.
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Figure 3.9:- Diffusion rates reported for iron in sapphire (Lesage and Lloyd "),

with the lattice self-diffusion coefficient of % 4] determined by Legall shown for
COmparison.
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In the study by Lesage, the diffusions were carried out in the temperature range 1200-1700°C
in an atmospheric oxygen pressure. Two components to the diffused profiles were identified
and attributed to diffusion through lattice and dislocation routes. The Arrhenius equation for
the lattice diffusion is given in Egn. 3-11. The activation energy for the diffusion is slightly

greater than the values reported by the same author for *1Cr and ®Ni and less than that

reported for 2°Al by Legall.

-1
RT

The effect of the impurity content of the sapphire on the Fe diffusivity was also investigated

D(1200-1700°C) ,, =3.6-10" exp(

by Lesage. In sapphire crystals doped with 1000ppm and 8000ppm of Cr, the iron diffusivity
increased. In a similar vein, the penetration of Fe along dislocation was greater for Y>* doped
sapphire compared to nominally pure sapphire. These observations would support the

hypothesis that the diffusion rate is dependent upon the defect structure of the sapphire,

which is controlled by the impurity content.

The diffusion study carried out by Lloyd covered a more discrete temperature range, 1480-
1600°C, but considered the effect of differing oxygen partial pressures ( 10*-10% Pa) and
impurity concentrations (10-50ppm). The range of diffusivities measured under these
conditions is included within the shaded region of Figure 3.9. In these studies, a single
contribution to the diffusion rate was observed, with no faster component as typical of other
diffusion studies. The detailed interpretation of results identified silicon as the dominating
impurity that affects the defect structure of the sapphire. Lloyd’s conclusions are as follows.
At lower temperatures, little oxygen pressure dependence was observed and the iron
diffusion occurred by point defects bound to an impurity (mainly silicon). At higher
temperatures the diffusion occurs by vacancies which have become dissociated from the
impurity. With further increase in temperature or oxygen pressure (T>1600°C and
Po,>10%Pa) a change in diffusion mechanism is proposed in which interstitial sites play a

role. Lloyd’s study is one of the earliest to suggest a diffusion mechanism other than by A"

vacancies.

No anisotropy in the diffusion rate was observed by Lloyd for diffusion perpendicular and

parallel to the r-axis (oriented about 60° to the c-axis).
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3.5.5 Diffusion of silver and copper

14-16 17,18

Using radiotracer and SIMS analysis techniques, the diffusion of silver™ " and copper
into sapphire has been investigated. Silver and copper are both metals with one electron in
the outer most shell and as ions are most commonly found in the +1 valence state. The
atomic radius of copper is similar to that of the atomic radius of chromium, whilst that of

silver is about 15% greater.

The diffusion of silver and copper in sapphire has been studied in the temperature range 827-
1400°C. Often two components to the diffusion were observed and the diffusion rates
associated with the initial sections are shown in Figure 3.10, in comparison with the lattice
self-diffusion rate of 2Al. The Arrhenius equations for Ag and Cu diffusion are given in
Egn. 3-12 and Egn. 3-13 respectively. For silver, the activation energy is only slightly higher

than that characteristic of the transition metal ions, whilst for copper the activation energy is

significantly higher.
-1
D(827-1400°C) ,, =2-107* exp( 33 111; mol Egn. 3-12
- 411 -
D(800—-1100°C) ., = 0.11- exp(—rL1&Imol Eqn. 3-13
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The observed diffusion rates are several orders of magnitude greater than the self-diffusion of
25 A1 and the lattice diffusion rates of the transition metal ions Cr, Ni and Fe, if the data is
extrapolated to equivalent temperatures. The diffusion rates observed for silver and copper
are close to those attributed to the movement of Cr and Al along extended defects, which are
typically 10°-10° times greater than the lattice diffusion rate. Copper and silver are referred to

as fast-ions and a different diffusion mechanism is proposed to account for the faster rate.

For silver, the diffusion rate is insensitive to the impurity concentration and independent of
changes in oxygen partial pressure. This indicates that the diffusion mechanism does not
involve aluminium vacancies. In support of this hypothesis is the observation that a
monovalent ion such as Cu” or Ag* in an AI** site would repel a nearby aluminium vacancy.
The diffusion mechanism that is proposed for these ions involves the use of the interstitial
site which has a similar size to the Al lattice site, but is unoccupied to maintain overall charge
neutrality. Whilst it is expected this interstitial site plays a role in the diffusion, the
substitutional site remains the preferred location. For the movement of copper, Moya
concludes that the measured diffusion rate would depend on the ratio of interstitial to

substitutional impurity concentrations.

3.5.6 Summary of cation diffusion in sapphire
The reported characteristics of self-diffusion of Al and the diffusion of Cr, Ni, Fe, Ag and Cu
in sapphire have been summarised. For diffusion through the lattice a large difference in

diffusion rate is observed between the transition metal ions and the monovalent ions of silver

and copper.

The transition metals, Cr, Ni and Fe are reported to diffuse by aluminium vacancies, whose
concentration is related to the impurity content of the crystal. Lattice diffusion rates spanning
several orders of magnitude were observed as the impurity content varied. In each case, the
activation energy of movement of the transition metals ions was less than that of aluminium
self diffusion, indicating the transition metals ions have greater mobility in the lattice. For
iron, at the highest temperature of 1600°C and high oxygen partial pressure, a change in the
diffusion mechanism, using interstitial sites is proposed by one author. No anisotropy in the

lattice diffusion rate was observed in studies that considered diffusion in different crystal

directions.
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A second, faster component to the diffusion was observed in many instances and attributed to
movement along extended defects such as dislocations and grain boundaries which provide
short-circuit routes. Studies by Lesage for Cr, Ni and Fe indicate the enhancement in rate is
only about an order of magnitude compared to the lattice diffusion route. However, in other

detailed studies of *°Al and Cr, the enhancement of diffusion rate is 5-6 orders of magnitude.

Although many of the transition metal ions may exist in many oxidation states, most
diffusion studies assume the diffusant is incorporated in the trivalent state so that it may be
directly substituted on the aluminium lattice. The analysis techniques used in the diffusion

studies are insensitive to the electron configuration of the lattice constituents.

In contrast, the monovalent ions silver and copper are observed to diffuse significantly faster
than the transition metal ions. For silver, the diffusion rate is insensitive to the impurity

content and a diffusion mechanism involving interstitial sites is proposed.

3.6 Implications for the diffusion of titanium into sapphire

The diffusion of titanium in sapphire has not been directly studied to the best of my
knowledge. However, by reference to diffusion studies reported for other metals in sapphire,
some comment may be made on the range of diffusion rates that might be expected. The

potential for deviations from simple diffusion theory are also discussed in this section by

drawing on other published work.

3.6.1 Ti diffusion dymanics

Titanium is a transition metal with a range of possible oxidation states, although the most
common are 4+ and 3+ valences. The ratio of Ti** and Ti*" will depend on the oxygen partial
pressure in the system, so that Ti’** may be formed preferentially over Ti*" if the proportion of
oxygen in the ambient atmosphere is minimised'’. In a practical system, this can be achieved
using a reducing atmosphere. Introducing the Ti** on an AI** lattice site is central to the

formation of the Ti:sapphire waveguide laser.

For the Ti°" ion, the dynamics of the diffusion may be expected to be similar to that observed
for Cr, considering that Cr is expected to diffuse as Cr’* ion and the size of the Cr** and Ti**
are similar. Under this assumption, the Ti*" diffusion is expected to occur using Al**

vacancies in the lattice, with lattice diffusion rate controlled by the impurity content. Along
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extended defects, the diffusion rate may be up to 10° times greater than through the lattice.
The diffusion rate in the bulk is expected to be isotropic, although, a non uniform distribution

of defects may lead to local differences in diffusivity.

Figure 3.11 shows the diffusion time that would be required to achieve a S5pum diffusion depth
for a range of diffusion temperatures, considering the lattice diffusion rate and the enhanced

diffusion rate measured for Cr in sapphire by Moya''. The diffusion depth is defined by
2+/ Dt , where t is the diffusion time and D is the lattice diffusion rate. The enhanced
diffusion rate is taken to be 1.3-10° times greater than the lattice diffusion rate, following the

conclusions of the author.

Figure 3.11 shows that if Ti is incorporated by the same lattice diffusion rate to that reported
for Cr, a diffusion time of hundreds of hours would be needed to achieve a Sum diffusion
depth, at a temperature above 1800°C. However, if a significant density of extended defects

is present, the effective diffusion rate could be increased by several orders of magnitude,
following type A kinetics. These observations assume that the diffusion mechanism remains
the same at higher temperatures than reported for Cr diffusion. On this basis, initial
experimental investigation of Ti diffusion in sapphire is carried out at temperatures of

1750°C and 1950°C. At these temperatures, an oxide of titanium is used as a diffusion

source.

Meliting point  Melting point

of titanium of sapphire
1 |
\ 1 i
105 ™ 100,000 hrs
10* AssumingCr \\ 10,000 hrs
3 lattice diffusion rate ~—
10 ~ 1,000 hrs
(Moya) ~—
. . . 102 ~— 100 hrs
Diffusion time to —
acheivea 5um 10 10 hrs
diffusion depth 10° 1hr
/hours \
1071 \\ 6 mins
102 : 36seC
Assuming Cr N\
10° 1-dislocation diffusion-rate ‘\
10 -

800 1000 1200 1400 1600 1800 2000 2200

Temperature /°C

Fi igure 3.11:- Diffusion time required to achieve a 5 um dzﬁ’uszon depth if the dynamics
of T*" diffusion follow those of Cr as reported by Moya"".
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3.6.2 Influence of a preanneal

Many of the discussed diffusion studies report the annealing of samples prior to the diffusion
experiments7’m’1 L1318 The preanneal is carried out at temperatures and for times equal to or
greater than, those used for the diffusion experiments. The purpose of the preanneal is to
reduce the density of defects in the near surface region which are introduced during the
mechanical polishing of the surface”. The damage due to mechanical polishing is reported to
extend about 1um beneath the surface and may be removed by a 4 hr anneal at T>1 500°C*.
The preanneal is important to many of these studies, as the contributions to the diffused
profile from lattice and short-circuit routes needs to be distinguished. In preannealed

samples, type B kinetics were readily achieved.

For the diffusion of Ti into sapphire, the benefits of a preanneal are debatable. A high
density of defects immediately below the surface may provide faster diffusion routes for the
titanium into sapphire. This would lead to type A kinetics in which the diffused profile is
described by an apparent diffusion rate containing a component of lattice and short-circuit
diffusion rates. This would have advantages in enhancing the effective diffusion rate and
leading to small spatial inhomogeneities. However, a high density of defects may

compromise the spectroscopy of the Ti diffused region.

3.6.3 Reaction between source and substrate

At temperatures lower than the proposed diffusion temperature, Ti and TiO; are reported to
react with sapphirezz'3 * The reaction product and the progression of the reaction are debated
between authors and differences are likely to be due to the differences in experimental
conditions for each study. Extrapolating this data to the diffusion temperatures proposed for
initial experimental work, it is expected that the titanium oxide will rapidly react with the
sapphire to form a mixed Ti:Al:O phase. The formation of the reaction product will
influence the diffused Ti profile, particularly for short diffusion times. The amount of source
supplied will also affect the dynamics of the reaction/diffusion and may lead to non-trivial
relations between the diffused profile and the amount of source supplied. In addition,
different phases of Ti:Al:O may exist at each diffusion temperature™, leading to non-ideal

trends in the diffused profile as a function of temperature.
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3.6.4 Evaporation at high temperature

At temperatures close to the melting point of the diffusion source, some evaporation of Ti
may occur. This would lead to a reduction in the total source available for diffusion, and lead
to a more rapid depletion of the source than expected. Dissociation of impurities from the

surface of a sapphire substrate has been previously observed®®*” for the impurities Ca and Mg

above temperatures of 1600°C and 1400°C respectively.

Once the surface concentration of Ti falls to below the maximum solubility at the diffusion
temperature, evaporation of Ti from the surface during the diffusion process will affect the
diffused profile. For example, once the source is depleted, the evaporation from the surface

would lead to the peak Ti concentration occurring beneath the sample surface'™®,

3.7 Conclusions

Thermal diffusion offers a flexible method for locally doping a substrate with an impurity
ion. The distribution and concentration of the impurity may be controlled by varying the
diffusion temperature, the diffusion time and the amount of source supplied. The diffused
profile may be easily modelled in one dimension for conditions of an infinite diffusion source
and an instantaneous diffusion source. In practice, deviations from this simple scheme will
occur if more than one mechanism is affecting the movement of the diffusant. Contributing
mechanisms may include more than one diffusion route, more than one diffusing species,
anisotropic diffusion rates, spatially dependent diffusion rates, evaporation of the diffusant or
a chemical reaction between the source and substrate. Identifying the contribution of some or

all of these mechanisms requires significant experimental investigation.

Review of previous diffusion studies in sapphire indicates that a broad range of diffusivities
have been observed in sapphire. For transition metal ions Cr, Ni and Fe, the lattice diffusion
rates are dependent on the impurity content of the sapphire. The diffusion along extended
defects may be up to 10° times greater than the diffusion rate through the lattice. The metals
Cu and Ag, are identified as “fast-diffusants” in sapphire, and a diffusion mechanism
involving interstitial sites is proposed. In all studies that considered diffusion along different

crystal orientations, no anisotropy in the diffusion rate was observed.

The kinetics of Ti diffusion into sapphire has not been reported to date, so estimates of

appropriate conditions for initial experimental work have been obtained by reference to
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studies of similar metals. It is expected that the Ti>* may follow similar kinetics to Cr’,
diffusing using AI*" vacancies, with a rate that is controlled by the impurity content and
defect structure of the Al,Os substrate. The diffusion is expected to occur both through the
lattice and along any extended defects. The diffusion rate along the extended defects may be
as much as 10° times greater than the diffusion rate through the lattice. Although
preannealing of the substrate prior to diffusion is used in most reported diffusion studies, it is
not proposed for initial experimental work. Appropriate temperatures for initial diffusion
experiments are 1750°C and 1950°C, with an ambient atmosphere with a low partial oxygen

pressure. The low partial oxygen pressure will ensure the Ti diffuses as the Ti** ion rather

than the Ti*" ion.

Deviations from the simple model of diffusion in one dimension may be observed for the Ti
diffusion. Itis expected that some extended defects will exist in the sapphire surface, which
will provide a faster diffusion route. The diffused profile will depend on the distribution of
the extended defects. It is expected that the diffusion source will rapidly react with the
sapphire, so that the diffusion will occur from the reaction product. The form of the reaction
product will depend on the temperature, and the time taken to consume the original diffusion
source will depend on the amount of source provided. In addition, evaporation of Ti from the
surface may occur at the proposed diffusion temperatures. Establishing influence of these

mechanisms on the Ti diffusion in sapphire requires significant experimental investigation.

These ideas are pursued in the experimental work discussed in chapter 4 and lead to the

realisation of a Ti-diffused region that is appropriate for a Ti:sapphire waveguide laser.
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CHAPTER 4

THE DIFFUSION OF TITANIUM INTO SAPPHIRE

4.1 Introduction

Realising a localised gain medium and optical waveguide by thermal diffusion of titanium
into sapphire requires significant experimental investigation of the diffusion process.
Limited information is available describing the movement of cations in sapphire and less is
available discussing the movement of titanium in sapphire. By considering previous work, it
is proposed that initial diffusion studies be carried out at temperatures 1750°C and 1950°C in
a reducing atmosphere, using a titanium oxide diffusion source. At these temperatures, the
diffusion source is expected to react with the sapphire in addition to diffusing into the lattice.
Evaporation of the diffusion source may also occur. In the reducing atmosphere it is
expected that the T1 will exist as the Ti** ion and will diffuse using vacant A" lattice sites.
In addition, a faster diffusion route is expected to exist, using extended defects in the lattice.
The difference in diffusion rate by these two routes may be as much as 10° times.

Establishing the dominance of each mechanism contributing to the transport process requires

experimental investigation.

In this chapter, the experimental investigation of the diffusion of titanium into sapphire is
discussed. To the best of my knowledge, these results comprise the first realisation of a
sapphire wafer locally doped with titanium by thermal diffusion. The purpose of the
experimental study is to identify whether the active ion Ti** may be incorporated in the
lattice, to observe how fast the Ti may be introduced and how the diffused profile may be
manipulated by varying the experimental conditions. These experiments are not designed to
yield fundamental information about the diffusion mechanism or diffusion rate, but to lead to
the realisation of a gain medium and an optical waveguide. The formation of optical
waveguides in sapphire is the subject of chapter 5; this chapter discusses the spectroscopic

properties of the diffused sapphire and the characteristics of the Ti transport process.
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The chapter is structured as follows; §4.2 describes the processes developed for diffusing
titanium into sapphire, §4.3 describes the experimental techniques used for investigating the
spectroscopy and distribution of diffused Ti and §4.4 - 4.7 present the experimental results

that characterise the Ti diffusion.

(W}

A
o4,
The study of titanium diffusion in sapphire was carried out by deposition of a thin film
diffusion source onto a sapphire substrate and holding the diffusion couple at elevated
temperature under controlled conditions. The following carbon resistance furnace and

fabrication processes were developed during the course of this work

4.2.1 Substrate preparation

Commercially available, synthetic sapphire wafers were used as substrate material. These
were typically 300um thick and supplied with one face epi-polished' to high quality,
oriented perpendicular to the ¢-, or optical-axis. The wafers were cut into multiple samples
of maximum dimensions 10x10mm. If a patterned diffusion source was to be used, one edge
of the sample, aligned perpendicular to the a-axis (<1120>), was polished to provide a

reference.

The sapphire surface was degreased and cleaned in preparation for the deposition of a
diffusion source using a sequence of organic solvents prior to an acid treatment. The organic
solvents were used in an ultrasonic bath at temperatures up to 55°C. A typical sequence is
20 minutes in 1,1,1-trichloroethane followed by 20 minutes in acetone. The 1,1,1-
trichloroethane removes residues of wax used to secure the sample during cutting and
polishing stages, whilst acetone is an effective solvent for common organic compounds.

Since the availability of 1,1,1-trichloroethane has become restricted due to environmental

concerns, lotoxane or ecoclear” may present a preferred solvent for the removal of wax in

future processing.

Following the sequence of organic solvents, the surface should be clean of organic
impurities, but is usually still covered with a scattering of particulants. These may be
removed in a mixture of hydrogen peroxide and sulphuric acid, known as piranha solution.
The sample was immersed in a 4:1 mixture of concentrated sulphuric acid: hydrogen

< ad GAaip 11

peroxide supported in a water bath at 80°C. After ten minutes, a second measure of peroxide
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was added and the mixture left for a further ten minutes. The top-up with peroxide half way
through the cleaning process compensates for loss of the original peroxide as it rapidly
dissociates at the elevated temperature and ensures the mixture is active throughout the 20
minute process. Following immersion in the piranha solution, the sample is rinsed in de-

ionised water, blown dry and baked in an oven at 120°C for at least half an hour to remove

any remaining moisture from the surface.

4.2.2 Preparation of a photoresist mask by photolithography
When a patterned diffusion source rather than a continuous thin film diffusion source was
required, a photoresist film was spun on the sapphire surface and photolithographically

patterned to form a mask. The pattern was transferred to the thin film diffusion source using

a standard lift-off technique.

The photoresist mask was fabricated in Shipley 1400-27 resist, spun onto the substrate to
form a film approximately 1pm thick. Following a soft bake (30 minutes at 90°C), the
sample was aligned with respect to a mask and exposed for between 7 and 7.5s. Prior to
development of the photoresist, the sample was soaked in chlorobenzene for 5 minutes. The
chlorobenzene diffuses into the surface of the photoresist layer and reduces the rate of
development, allowing the profile of the photoresist mask to be optimised for the lift-off
process. The exposed regions were developed for 3 minutes to leave a series of channels in
the photoresist, which are partially filled during the subsequent deposition of a thin film.
After deposition of a titanium oxide film, the process is completed by rinsing the sample in
acetone, which removes the photoresist mask to leave a patterned thin film diffusion source.
The Shipley 1400-27 resist has recently been discontinued and replaced with the 1813 series.

Initial indications are that the same fabrication parameters may be used with the new series.

The mask used in this work consisted of a series of stripe openings in a chrome film on a
glass substrate, prepared using direct-write electron beam technology. The stripes were
grouped in sets of 14, with widths ranging from 3 to 16pum at 1um increments and spaced by
100um. To aid the identification of stripes across the sample, 100um wide marker stripes
separate every second group. An example of the small differences in the dimensions of the
transferred pattern and the original mask are illustrated in Figure 4.1, with a 2pum increase in
stripe size, compared to the original mask, typical of the fabrication parameters used. With

refinement of the parameters used in the photolithography, the reproducibility of the mask
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Figure 4.1:- Example of stripe blow-out as measured for samples 5169 and S176.
The defined stripes are typically between 2 and 4pm wider than the original mask
opening, however, stripes are identified by reference to the width of the initial
mask opening.

could be improved. Throughout this work, stripes are identified by reference to the

dimensions of the original mask opening.

4.2.3 Deposition of thin film diffusion source

The diffusion source was deposited by thermal evaporation from a powdered titanium
sesquioxide (Ti,03) source in a partial oxygen pressure using an Edwards 306 evaporator. A
maximum of 12 samples could be coated simultaneously, mounted on an aluminium block
positioned directly above the evaporation source at a distance of approximately 30cm. The
evaporation source was supported in a small tungsten boat that could be re-used for two or
three runs, with the source topped up each time. Once loaded, the evaporator was evacuated
to a pressure of the order of 10" mbar, before it was back filled with oxygen to a pressure of
10*mbar. The evaporation source was resistance heated over a period of about 3 minutes,
before the shutter was opened, allowing the evaporated material to reach the samples and
condense to form a thin film. The thickness and deposition rate of the film was monitored
with a piezoelectric crystal monitor located close to the samples being coated. A typical
deposition rate was around 1 nm s and films of thickness between 15 and 270nm were

deposited.

The film thickness was measured after deposition using a Tencor a-step profilometer. For

4 Li\ LL1ik1L bLL_‘l A4 TV oA 1K i L2 il 4 o]

samples patterned with stripes, the thickness measurement was recorded for the height of the
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Figure 4.2:- Example of variation in source thickness obtained in the
thermal evaporator for samples coated simultaneously.

16um stripe after lift-off. For samples coated with a continuous thin film, the film thickness
was taken to be that measured for a test sample patterned with a photoresist mask and
included in the same evaporation run. The uniformity of film thickness across the sample
mounting area in the evaporator is typically 10%, illustrated in Figure 4.2. The patterned

films on samples S169-S174 were deposited simultaneously.

The deposited thin film is expected to contain Ti in a range of oxidation states, as the Ti,O3
source is reported to dissociate on heating3. In calculations that require the density and
composition of the diffusion source, the film is assumed to be stoichiometric Ti,Os,

however, to reflect the unknown composition of the film, the diffusion source is referred to

as Ti(O).

4.2.4 Thermal diffusion

The thermal diffusion was carried out in a carbon resistance furnace operable between
1400°C and 2000°C. The furnace was mounted vertically and provided a hot zone of the
order of a few millimetres in length, monitored in temperature pyrometrically. Laterally, the
temperature profile was at a minimum at the centre of the cylindrical carbon elements and
increased by about 30°C over the area occupied by the sample. Due to the exposed carbon

heating elements, the ambient atmosphere was restricted to an inert gas, in this case argon.

For the diffusion experiments, the prepared sapphire sample was positioned in the furnace

hot zone, supported on a thin tantalum foil covering a carbon support rod. The furnace was
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Figure 4.3.- Example of heating and cooling rates used in the diffusion of
titanium into sapphire, measured using a Type W thermocouple.

heated and cooled around the sample according to the experimental conditions under
investigation. Heating and cooling rates were either ‘rapid’ in that the furnace was switched
directly between the required temperatures or ‘slow’, for which the ramp rate was controlled
over a fixed period. The temperature profile accompanying these regimes is shown in
Figure 4.3, measured with a type W thermocouple. The ‘slow’ heating rate is described by
switching the furnace on close to the lowest controllable temperature, about 1400°C and
leaving for 10 minutes before ramping to higher temperatures in about 25°C increments at
minute intervals. This is reversed for the slow cool regime, as shown in the diagram. Thus

for heating to or cooling from temperatures of 1950°C, the slow regime spans 32 minutes.

4.2.5 Preparation for characterisation
Following the diffusion, samples were prepared for characterisation. For optical techniques,

2mm sections were removed from opposing edges of the sample, before the exposed end

faces were polished to high optical quality.

4.2.6 Sample referencing scheme
The fabrication process described is the result of continuous development over the course of

the work. The fabrication conditions for individual samples are summarised in the text on
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first introduction and are repeated in shorthand as a footnote whenever they are subsequently
referred to. For example, sample S124 was fabricated with a 27nm diffusion source, diffused
for a time of 8 hours at a temperature of 1950°C, and heated and cooled slowly. This would
be summarised in a footnote by S124{slow heat, slow cool, 27nm, 8hrs, 1950°C}. If the
source were patterned with stripes using the mask described above, the letter P would prefix

Lo}
or example {slow heat, slow cool, P27nm, 8 hrs, 1950°C}.

4.2.7 Summary of fabrication procedure

The fabrication technique and the characteristics of the equipment developed for diffusing
titanium into sapphire have been described. The diffusion is carried out between a thin film
of Ti(O), evaporated from a Ti,03; powder in a partial oxygen pressure, and a cleaned
sapphire substrate. The furnace used for the diffusion is a carbon resistance furnace that is
operable between 1400°C and 2000°C, and is restricted to an inert argon atmosphere. The
diffusion time is defined as the dwell time at the diffusion temperature and the substrate
heating and cooling rates may be controlled. The fabrication conditions used for each

sample are summarised in the text and repeated in shorthand as a footnote.

4.3 Experimental techniques for characterising diffused Ti.

The experimental techniques used to investigate the characteristics of the Ti-diffused region
were developed to address two primary concerns. The first is whether the titanium has
diffused into the sapphire as the Ti®" ion, substitutionally incorporated on an AI’" lattice site.
This is necessary for the diffused region to have spectroscopic properties comparable to
those of the bulk doped Ti:sapphire laser crystal. The second concern is whether the
concentration, depth and spatial distribution of the Ti may be controlled by varying the

fabrication conditions.

The experimental technique used to investigate the spectroscopic properties of the diffused
region are considered first in §4.3.1, addressing the issue of titanium valency and lattice site.
The basis for the experimental techniques implemented are well known and the equipment
generally readily available. The experimental procedure is outlined briefly, with emphasis

on issues specific to the analysis of the localised diffused region.

Effort to identify the depth, concentration and spatial distribution of the diffused titanium

was concentrated around two experimental techniques. The first is an all-optical imaging
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technique, developed during the course of this work and is referred to as ‘fluorescence
imaging’. This is based on resolving the spatial distribution of fluorescent Ti** ions through
a cross section of the diffused sample. The second technique is an established surface
analysis and depth profiling technique, Secondary Ion Mass Spectrometry (SIMS). SIMS
involves the sputtering of material from the surface layer and subsequent identification by
mass spectrometry. The fluorescence imaging technique and the application of SIMS to the

analysis of titanium diffused sapphire, are discussed in §4.3.2 and §4.3.3.

4.3.1 Spectroscopic characterisation of fluorescence in the near infra-red

The spectroscopy of the laser-active Ti>* ion incorporated substitutionally on the AI** lattice
in sapphire is well known™. The degenerate electron energy levels of the one Ti** d-shell
electron are split under the influence of the local crystal field, giving rise to an absorption in
the blue-green and an emission in the near infra-red. The transition is broadened by strong
electron-phonon coupling to yield the characteristic broad fluorescence spectrum that is

responsible for one of the largest tuning ranges of solid state lasers.

The experimental configuration used to identify the presence, and investigate the spectral

. L3t . . . . . .
characteristics, of fluorescent Ti’" ions in sapphire is shown in Figure 4.4. A portable air-
cooled argon-ion laser was used as a radiation source, operating at a wavelength of 488nm

with a maximum output of 20mW. For this radiation source, it is necessary to use a short
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Figure 4.4:- Experimental configuration used to identify the presence
of and investigate the spectral characteristics of fluorescent T P
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wave pass filter to remove a series of characteristic fluorescent wavelengths in the red and
near infra-red regimes. The filtered radiation was directed through a mechanical chopper
operating between 250 and 350Hz and was focussed at a polished cross section through the

sample under investigation using a x5 microscope objective.

Fluorescence originating from the excited region was collected with a x20 microscope

objective, oriented along an optical axis perpendicular to that of the excitation optics.
collected fluorescence was imaged onto the entrance slit of a monochromator, having passed
through a series of optical components to enable polarisation selection and to remove any
scattered pump radiation. A small area (<2mm?) silicon detector was positioned behind the
monochromator exit slit to measure the transmitted power. A good signal to noise ratio was
achieved by using lock-in amplification and an electronic integration time of 300ms or 1s.

The monochromator grating movement and data collection were controlled remotely.

The monochromator resolution was typically 4nm, which was sufficient considering the
breadth of the Ti** fluorescence band under investigation. The measured fluorescence
spectra were corrected for the non-linear system response by comparison with that measured

for a tungsten lamp of known spectral luminosity.

An example of the fluorescence spectra obtained in the n- and c-polarisations for a high
quality, bulk doped Ti:Al,O; sample is shown in Figure 4.5. In the frequency domain, the

spectra present close approximations to a Gaussian distribution, peaking at 395+3 x1 0'*Hz
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Figure 4.5:- Fluorescence spectra obtained for a high quality bulk
doped Ti:Al;Oj; crystal using the experimental conditions described.
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(75945 nm), with a full width 1/e intensity of 8913 x10'? Hz (174+9 nm). The polarisation
dependence is clear, with a ratio of peak fluorescence intensities of 0.37. These results are in
close agreement with previously published spectra for high quality Ti:sapphire laser

crystals4.

For analysis of a diffused sample, the technique of imaging the polished cross section onto

the monochromator ensures that the collected fluorescence arises from a diffused region

rather than from background Ti’" impurities.

4.3.2 Characterisation of diffused Ti’* distribution by fluorescence imaging
During the spectral characterisation, the fluorescence originating from the excited region was
focussed onto the monochromator entrance slit. Replacing the collection optics with an
imaging system and a vidicon camera, the distribution of fluorescent Ti*" jons may be

resolved as a function of distance along a polished cross section through a sample.

A schematic of the experimental configuration is illustrated in Figure 4.6. The excitation
optics and the sample orientation are similar to those in the spectroscopic characterisation.
Fluorescence originating from the excited region was collected with a x20 microscope
objective and imaged onto a silicon vidicon camera (Hamamatsu C1000-02). Either the

whole image or a line profile through the image may be stored in a digital format, allowing
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Short c-axis
pass x5 -
Microscope
objective lens Polished
section
Ar¥ laser d

2 = 488nm

x20 lens

Output control == Long-pass

Max 20mW Power filter
meter
Digltlsed Camera Vidicon
image control | camera

Figure 4.6:- Schematic illustrating the experimental configuration
used to image the distribution of fluorescent T P+ ions after diffusion.
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further analysis. A filter ensures that fluorescence wavelengths are detected rather than
scattered radiation from the argon ion laser. Quantitative measurements are possible by
monitoring the incident pump power and maintaining the optical alignment of the excitation
and collection optics for each comparative measurement. Repeated measurements for a bulk

doped Ti:Al,O5 sample provide a standard reference and indicate the accuracy of the

quantitative analysis.

An example of a line profile taken along a central axis of the image obtained for a bulk
doped Ti:Al,O; sample, is shown in Figure 4.7. The location of the surface (defined at zero
depth) is identified by prior illumination with a white light source and a series of repeated
measurements indicate the surface may be identified to within £2um. Prior illumination
with a white light source also enables accurate alignment of the image plane on the camera

head. The depth scale is obtained by calibrating the magnification of the imaging system

with commercial microscope graticule.

The titanium concentration in the bulk doped Ti:Al,Os standard is known to be 0.11wt%.
From a series of measurements, the fluorescence yield may be calibrated in terms of Ti
concentration. The observed fluctuation reflects the accuracy with which each measurement
is aligned, rather than the limitations of the equipment. The data illustrated in Figure 4.7
shows one of a series of measurements, for which the scatter in fluorescence yield
corresponds to an error in the concentration scale of about 15%, shown by the error bar.

This leads to an error of about 20% in the measurement of a diffused Ti** distribution.
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Figure 4.7:- Fluorescence image obtained for a bulk doped sample of Ti:AL,O;.
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Whilst this error is not insignificant, the technique does allow a ready comparison between

samples.

The form of the line profile shown in Figure 4.7 is close to the step function expected for a
homogeneously doped Ti:Al,Os crystal. Within +5um of the surface, the image is affected
by the resolution of the optics. With further analysis, the system response could be filtered
from the image, however the features characterised by this method are not, in general,
limited by the resolution. For depths between 5 and 60um, the fluorescence levels are
approximately constant, indicating that absorption of the pump radiation and diffraction of
the beam are not significant over this depth. If absorption or diffraction were significant, the

fluorescence level would decrease with depth.

In summary, the fluorescence imaging technique provides a powerful method for evaluating
the distribution of fluorescent Ti>* ions along a polished cross section of a sample. Features
greater than Spm may be resolved and located to within +2um. Quantitative comparisons of
fluorescent Ti>" concentration made between samples within an error of about 20%. The
technique uses readily available equipment in an optical research laboratory and is non-

destructive.

4.3.3 Depth profiling by Secondary Ion Mass Spectrometry

Secondary Ton Mass Spectrometry (SIMS) is an established high resolution, destructive
technique for analysing the composition of a surface. Under high vacuum conditions, a
stream of high-energy ions, such as O,", Ga" or Cs" is focussed at an oblique angle onto the
surface under investigation. The incident ions become embedded in the lattice, transferring
their kinetic energy as they come to rest. Material from the surface monolayer may be
sputtered from the lattice as clusters or single species that may be either electrically neutral
or charged. The positively charged ions can be selected by accelerating them towards an
aperture held at a negative potential and identified by mass spectrometry. Depth profiling is
possible by repeated rastering of the incident ion beam over an area to form a crater whilst
measuring the mass spectrum of the sputtered positive ions. The sputtering rate is
established by measuring the crater depth using a surface profilometer such as a Tencor
alpha-step. Quantitative measurements are possible by comparing the yield to that of a

standard of the same matrix.
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The application of SIMS to depth profiling of sapphire is complicated by problems of sample
charging and a low sputter rate. Sapphire, compared to other commonly analysed materials,
such as silicon, is subject to charging due to its high electrical resistivity. For insulating
samples, the charging may be controlled by depositing a thin layer of gold on the surface and
flooding the surface with electrons. Over long periods (>1 hour) of analysis, the efficiency
of the charge compensation may drift and lead to instabilities in the collection of the
sputtered jons. The tendency for the sample to charge also limits the incident ion current,
limiting the sputtering rate to between 1 and 2pm per hour. Despite these complications,

SIMS has been previously used to analyse diffused or implanted impurities in sapphire®’.

An example of the data obtained for a 0.11wt% bulk doped Ti:sapphire crystal is shown in
Figure 4.8. The yield of the ions **Al,", Ti", BTi", “Ti" is measured as a function of time,
for a central region of the etched crater. The isotopes OTi* and ' Ti* are also collected but
are not shown in Figure 4.8 to preserve clarity. The depth scale is established later by
measuring the depth of the crater. The initial section of the trace corresponds to etching
though the gold film on the surface. The system will also require a finite depth to establish
equilibrium energy transfer between the incident ions and the sputtered ions. For the datain
Figure 4.8, the ion yield becomes quite stable after about 200s sputtering time. The
measured ratio of the titanium isotopes can be compared to the natural isotope abundance to
confirm the identity of the collected species. The 4Al," jon is monitored in preference to the

27 AT* ion since the yield is lower and the detector is not saturated. In the analysis of
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Figure 4.8:- Example of data obtained using SIMS to analyse the
composition of a Ti:sapphire bulk doped sample.
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sapphire, the yield of >*Al," should be constant; fluctuations or drifts in the signal give an
indication of instabilities in the system, for example due to charging of the sample. For the
bulk doped sample illustrated, the Ti concentration is known to be 0.11wt%, and so the ratio

of “®Ti/**Al," can be used to calibrate the Ti yield in terms of absolute concentration.

4.3.4 Summary of characterisation techniques

Methods for investigating the spectroscopic characteristics and the concentration profile of
diffused Ti have been presented. The spectroscopic characterisation identifies the presence
of Ti°" in an AI*" lattice site and has been demonstrated for a bulk doped Ti:sapphire crystal.
The fluorescence imaging technique allows the distribution of fluorescent Ti** ions in an
AL’ lattice site to be identified along a polished section through a sample. This technique
allows quantitative comparisons between samples, with an error of 20% and has been
demonstrated for a bulk doped Ti:sapphire sample. Secondary Ion Mass Spectrometry
(SIMS) provides an alternative route for measuring the total Ti concentration in sapphire.
This technique is insensitive to the Ti valence state or lattice site, and so measures the total
Ti concentration. The use of the fluorescence imaging technique and SIMS to analyse the Ti
distribution in the same sample provide a detailed insight to the distribution of useful,

fluorescent Ti** compared the total diffused Ti distribution.

4.4 Measured spectroscopic properties of Ti-diffused sapphire

The spectroscopic characteristics of the near surface region of a series of samples were
investigated following diffusion at 1950°C, using the experimental technique described in
§4.3.1. The aim of these investigations is to identify whether diffused Ti has been
incorporated in a valence state and lattice site appropriate for use as a gain medium. If so,

the spectroscopic properties of the diffused region will be similar to those measured for a

bulk doped Ti:Al,O; sample.

4.4.1 Fluorescence in the near infra-red

Figure 4.9 shows the fluorescence characteristics obtained for a Ti-diffused sample. In this
case the sample, S131, was diffused from continuous thin film diffusion source 41+3nm
thick at a temperature of 1950+30°C for eight hours. The fluorescence spectrum extends
from 600nm over 400nm into the near infra-red and exhibits strong polarisation dependence.

In the frequency domain, the spectra present good approximations to Gaussian distributions,
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Figure 4.9:- Fluorescence spectra obtained for diffused Ti, excited
with radiation at 488nm

peaking at 396x10'2 Hz (758nm) with a full width at half maximum of 91x10'* Hz (175nm).
The measured intensity ratio of peak n-polarised to c-polarised radiation is 0.37. These
results are typical of samples fabricated at a diffusion temperature of 1950°C over diffusion
times of up to 8 hours from a continuous thin film source thickness up to 41nm thick and
heated slowly to and from the diffusion temperature. The bandwidth, the peak wavelength,
and the polarisation ratio are in excellent agreement with fluorescence characteristics
measured for a high-quality 0.11wt% Ti’*:Al,O3 bulk-doped crystal [see §4.3.1], and with
published data® . The sharp peak in the region 692-695nm is attributed to the presence of

trace amounts of Cr’* impurity in the sapphire substrate.

The fluorescence lifetime was measured in a separate experiment by E Martins (ORC,
Southampton) by rapidly switching the pump beam using an acousto-optic modulator and
monitoring the fluorescence decay time. The fluorescence lifetime was measured to be

3.2+0.25us at room temperature, which is in excellent agreement with previously published

data for Ti*" in sapphire at room temperature”.

4.4.2 Summary of spectroscopic characteristics

In summary, the measured spectroscopic properties of the diffused region are in excellent
agreement with those of a high quality bulk-doped Ti**:AL,0; laser crystal. These results
demonstrate that by thermal diffusion, Ti** has been incorporated in a lattice site and valence

I S-SRI T
state appropriate for use as an optical gain medium.
1% &
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4.5 Diffusion of Ti into sapphire at 1950°C and 1750°C from a continuous thin film
source
Initial diffusion experiments were carried out at temperatures of 1950°C and 1750°C using a

continuous thin film of Ti(O) as the diffusion source.

At 1950°C, trends in the diffused Ti** and total Ti distribution were investigated for
increasing diffusion times for a 41nm thick diffusion source and slow cooling conditions.
The experiment was repeated, with different samples and fast cooling conditions, so that the
effect of the cooling rate on the diffused Ti** could be investigated. A further experiment at
a temperature of 1950°C was carried out from a 27nm thick diffusion source, to consider the

effect of reducing the source thickness on the diffused Ti*" distribution.

At 1750°C, trends in the diffused Ti** distribution were investigated for diffusion from a
27nm thick diffusion source as a function of time. The results are compared to those

obtained for similar conditions, except at the higher temperature of 1950°C.

These studies Iead to greater understanding of the diffusion characteristics, and provide a

basis for the investigation of diffusion from a patterned thin film source reported later in this

chapter.

4.5.1 Diffusion at 1950°C from a 41nm source, with slow cooling

A series of Ti-diffused samples (S130, S131, S133, S134) were prepared with a 41nm thick
diffusion source, evaporated from powdered Ti;O;, and diffused at a temperature of 1950°C
for times between 1 and 8 hours. In each case the samples were heated to, and cooled from,
the diffusion temperature over a period of 32 minutes, although the diffusion time was
defined as dwell time at the diffusion temperature. Characteristics of the Ti**" and the total
Ti distribution were investigated quantitatively using the fluorescence imaging and SIMS

techniques described in §4.3.

4.5.1.1 Diffused Ti’* distribution
Figure 4.11 illustrates the Ti** distribution obtained for S130-134. For each sample, it is
apparent that fluorescent Ti** ions have diffused to significant depths within the diffusion

time. For example, after 8 hours at 1950°C, Ti*" is present at depths greater than 50um. In

i xpected from s iffusion theory, with
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ion, the form of the Ti” profiles is not

the peak Ti** concentration located between 10um and 20pum beneath the surface. This
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Figure 4.11:- (a) Distribution of fluorescent T P+ ions after diffusion at 1950°C or between 1

and 8 hours from a 41nm thick diffusion source and (b) illustration of the analysis orientation

with respect to the initial sample configuration.

complicates the estimate of an overall diffusion rate, and may indicate that not all of the Ti is

detected by this technique. The peak concentration of incorporated Ti*" ranges between 0.03

and 0.05wt% and would be equivalent to that of a lightly doped Ti:AlOj3 laser crystal.

Integrating the area under the curves in Figure 4.11, the amount of detected Ti*" can be

compared to the amount supplied in the thin film diffusion source. This is shown in

Figure 4.10. For each sample, the total Ti>" detected is less than a third of that supplied for

diffusion, with the fraction increasing with diffusion time.
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Figure 4.10:- Percentage of Ti detected by fluorescence imaging compared to the
total amount of Ti supplied as the diffusion source

S134 {Slow heat, slow cool, 41nm, 1 hr, 1950°C}  SI 30 {Slow heat, slow cool, 41nm, 2 hr, 1950 C}
S131 {Slow heat, slow cool, 41nm, 3.7hrs, 1950 °C} S133 {Slow heat, slow cool, 41nm, 8 hrs, 1950 °C}
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The diffused Ti concentration was investigated further, using SIMS to analyse the surface

concentration and the diffused total Ti distribution of S130.

4.5.1.2 Total Ti concentration distribution

For each of the samples S130-S134, SIMS was used to measure the Ti concentration,
irrespective of spectroscopic properties (referred to as the “total-Ti concentration’), at a
shallow depth beneath the sapphire surface. The results are shown in Figure 4.12 and
indicate that the total-Ti concentration at a depth of 70nm beneath the substrate surface
decreases from about 0.08wt% to 0.01wt% as the diffusion time increases from 1 to 8 hours.
For the shortest diffusion time, the measured total-Ti concentration is significantly greater
than Ti>* concentration measured by fluorescence imaging. This comparison gives the first

indication that some non-fluorescent Ti may be present in the sapphire lattice after the

shortest diffusion times.

The diffused total-Ti distribution of S130 was investigated further by carrying out a series of
SIMS measurements at intervals along a 0.5° bevel polished through the diffused region.
The bevel and series of analyses were necessary considering that the Ti** fluorescence has
been recorded at depths up to 30um, and the sputter rate of sapphire is less than 2pm per
hour. The location of the analysis points beneath the original surface could be measured
using a surface profilometer, to the accuracy indicated in Figure 4.13. The error in th

concentration at each point is given by the yield of each titanium isotope in comparison with
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Figure 4.12:- Concentration of Ti present 70nm beneath the substrate surface
after diffusion, measured by Secondary Ion Mass Spectrometry.

S134 {Slow heat, slow cool, 41nm, I hr, 1950°C}  S130 {Slow heat, slow cool, 41nm, 2 hr, 1950 C}
S131 {Slow heat, slow cool, 41nm, 3.7hrs, 1950°C} S133 {Slow heat, slow cool, 41nm, 8 hrs, 1950°C} 88
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Figure 4.13:- Comparison of the titanium distribution measured by
Sluorescence imaging and SIMS, following a 2 hour anneal at 1950°C
with a 41nm diffusion source.

that of a standard Ti:sapphire matrix. The results are shown in Figure 4.13 in comparison to

the Ti** concentration profile measured by fluorescence imaging.

The SIMS measurements confirm the diffusion of the Ti into sapphire to depths of tens of
microns within the time scale of 2 hours, but also reveal a significant difference between the
total-Ti distribution and the Ti>* distribution. The presence of non-fluorescent Ti may be
related to the composition of a reaction product between the diffusion source and sapphire.
In addition, considering the samples have been cooled slowly from the diffusion
temperature, the non-fluorescent phase may form during the cooling process'*. Although
little information is available for the Ti>" ion in sapphire, different phases of TiO; in AL O3

are known to exist at different temperaturesg.

Integrating the area under each of the profiles, it seems that about half of the supplied Ti has
been incorporated in the sapphire, and of that only a quarter is present as fluorescent Ti**.

This indicates that a significant loss of the source has occurred during the 2 hour diffusion

anneal.

Considering the SIMS data for depths greater than 2um, the total-Ti concentration decreases

with depth into the substrate as expected for a diffusion process. The form of the

S134 {Slow heat, slow cool, 41nm, 1 hr, 1950°C}  S130 {Slow heat, slow cool, 41nm, 2 hr, 1950 C}
S131 {Slow heat, slow cool, 41nm, 3.7hrs, 1950°C} S133 {Slow heat, slow cool, 41nm, 8 hrs, 1950 C} 89



concentration-depth profile is best described by a logistic function, given by Egn. 4-1, with

asymptotes at 0.1wt% and zero and a point of inflection at 22um depth.

0.1 Egn. 4-1

Clx)=
(*) —26-104(22-10"6—x)

l+e
The function described by Egn. 4-1 is not a solution to the standard diffusion equation given
in Eqn. 3-3. If the 1/e depth of the peak concentration is taken to be the effective diffusion

depth (defined as 24Dt ), an estimate of the overall transport rate would be 10 m%s™,
Referring to chapter 3, this rate is several orders of magnitude greater than may be expected
for the lattice diffusion of Ti in sapphire if it follows similar kinetics to Cr** (D at 1950°C
for Cr** would be 4.10"'m?s™, according to Moyag). This discrepancy indicates that either
an alternative diffusion mechanism exists for Ti in sapphire, and/or that diffusion along

extended defects contributes significantly to the transport process under the conditions used,

or that 2~/ Dt is not an appropriate measure of the effective diffusion depth for this profile.

Immediately beneath the surface, the total-Ti concentration rises sharply from 0.05wt% to
0.1wt%, with this confirmed by a series of measurements at depths between 40nm and 2pm.
In addition, the near surface measurement of 0.05wt% is in agreement with the total-Ti
concentration measured at a depth of 70nm beneath the surface in the independent series of
measurements presented in Figure 4.12. An explanation offered'’ is that the Ti diffuses
rapidly to the surface during cooling to form a monolayer of titanium. The presence of a
monolayer of Ti on the surface would be complicated to detect by SIMS, although other

surface analysis techniques may be available. This has not been investigated further.

In summary, the diffusion of Ti into sapphire has been demonstrated for the first time, at a
temperature of 1950°C. The observed profiles are not easily explained by standard diffusion
theory and it seems that not all the Ti is incorporated as the fluorescent Ti*" ion. It has been
suggested that the incorporation of non-fluorescent Ti may be related to the changes that
occur during the cooling period'®. To investigate this further, a similar series of samples
were fabricated, except that they were cooled rapidly following the diffusion anneal. These

results are presented in the next section.

S134 {Slow heat, slow cool, 4Inm, 1 hr, 1950°C}  S130 {Slow heat, slow cool, 41nm, 2 hr, 1950 C}
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4.5.2 Diffusion at 1950°C from a 41nm source, with rapid cooling

Four samples, S135, S137, S138 and S139 were prepared to investigate the effect of the
cooling rate on the diffused distribution of total-Ti and Ti**. The fabrication conditions were
similar to those used for S130-S134, discussed in the previous section, except that rapid
cooling conditions were invoked by switching power to the furnace off immediately after the
diffusion (see §4.2.4 for further details). Following diffusion, the Ti’" distribution was
investigated for each sample using the fluorescence imaging technique. For S137,a 0.5°
bevel was polished through the diffused region so that a series of SIMS measurements could

be carried out at depths up to 30pum beneath the original surface.

4.5.2.1 Diffused Ti®" distribution

Figure 4.14 shows the Ti** distribution for the rapidly cooled samples. With increasing
diffusion time, the depth of Ti** increases as expected for a diffusion process. However,
deviations from simple diffusion kinetics are apparent. For example, the peak Ti**
concentration is located beneath the surface at depths increasing from about Sum to 20pum.
In addition the relation between the diffused forms of S135, S137 and S138 does not indicate
a simple relationship with diffusion time. The form of the profiles for the shorter diffusion
times differ significantly from those shown in Figure 4.11 for samples diffused under similar

conditions, except for the slow cooling rate.
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Figure 4.14:- T Pt distribution following diffusion from a 41nm continuous thin
film source at a temperature of 1950 °C for times between 1 and 8 hours and
cooled rapidly following the diffusion anneal.

S135 {Slow heat, rapid cool, 41nm, 1 hr, 1950°C}  S137 {Slow heat, rapid cool, 41nm, 2 hr, 1950 °C}
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Figure 4.15:- The percentage of Ti i** detected by fluorescence imaging
compared to the total amount of Ti supplied in the diffusion source.

The total Ti** detected by the fluorescence imaging technique for each of the sample,
calculated by integrating the area under the curves shown in Figure 4.14, is given in

Figure 4.15. In each case, the Ti** detected is significantly less than that supplied by the
diffusion source. These results support the observation that the change in Ti** distribution
with diffusion time does not follow a simple relationship and also indicate that an optimum

diffusion time of 2 hours exists for incorporating fluorescent Ti*" jons.

S137 was selected for further analysis of the total-Ti concentration using SIMS. The depth
profile was obtained by carrying out a series of SIMS measurements on a section beveled at
approximately 0.5° through the diffused region. The results are shown in Figure 4.16, in

comparison to the measured Ti*" distribution.

In contrast to the earlier results for the slow cooled sample, Figure 4.16 shows a good
correlation between the total-Ti and Ti*" distributions for similar conditions, except for a
rapid cool from the diffusion temperature. Unfortunately, modeling the exact form of the
total-Ti concentration profile, particularly within the first 10pm of the surface, is
complicated by the size of the error bars and the scarcity of analysis points. However, itis
clear that the near surface region (<2um) is depleted in Ti compared to depths of 4-10um.

The location of the peak concentration cannot be conclusively identified from this data.

S135 {Slow heat, rapid cool, 41nm, I hr, 1950 €} S137 {Slow heat, rapid cool, 41nm, 2 hr, 1950 C}
S138 {Slow heat, rapid cool, 41nm, 3.7hrs, 1950°C} S139 {Slow heat, rapid cool, 41nm, 8 hrs, 1950 °C} 92
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Figure 4.16:- Total titanium concentration illustrated in comparison
to the TP distribution obtained following a 2 hour diffusion from a
41nm thick diffusion source at 1950 °C and rapidly cooled.

The total-Ti distribution shows a close comparison to the Ti*" distribution obtained for the
same sample, which is also illustrated in Figure 4.16. Both the peak concentrations and
diffusion depths for the total-Ti and Ti** distributions are comparable within the error of
each measurement technique. In the near surface region, the depletion of Ti observed within

2um of the surface cannot be compared to the rising Ti>* distribution, without correcting for
u p g g

the resolution of the imaging system.

453 Discussion of the effect of the cooling rate on diffusion characteristics
The effect of the cooling rate on the diffused Ti*" distribution is shown in Figure 4.17, in
which the Ti>" distributions for S130 and S133 are compared with those obtained for S133

and S139.

For the 2 hour diffusion, the Ti** distributions are distinctly different. For S130 it is known
that only half of the diffused Ti is present as the fluorescent Ti*" ion. By cooling rapidly, the
concentration of fluorescent Ti>" increases and is in good agreement with the total-Ti
distribution. Therefore, it seems that by cooling rapidly, the proportion of Ti included as the

3t . . . . .
fluorescent Ti>* ion is significantly increased.

S135 {Slow heat, rapid cool, 41nm, 1 hr, 1950C}  S137 {Slow heat, rapid cool, 41nm, 2 hr, 1950 C}
S138 {Slow heat, rapid cool, 41nm, 3.7hrs, 1950°C} S139 {Slow heat, vapid cool, 41nm, 8 hrs, 1950 C} 93



(a) 2 hour diffusion (b) 8 hour diffusion

0154 . 1r Cooled slowly ]
- - == Cooled rapidly

Fluorescence 0.10 -
yield I
(equivalent wt%

Ti203 in Al203) i . : ik
0.05 : 1r $139  s133
0.00 Wb
0 10 20 30 40 50 0 10 20 30 40 50
Depth (um) Depth (um)

Figure 4.17:- Comparison of T " distribution for rapidly cooled samples and slowly
cooled samples, (a) diffused for 2 hours at 1950 °C and (b) diffused for 8 hours at 1950 C

with a 41nm thick diffuison source.
In contrast, for a longer diffusion time of 8 hours, distinct similarities are observed in the

Ti*" distribution for the slowly cooled and rapidly cooled conditions. For example,

Figure 4.17 shows that for an 8-hour diffusion time, the peak Ti** concentrations are both
about 0.03wt%, located about 20um beneath the surface. The diffusion depths, defined as
1/e of the peak Ti*" concentration are again similar, at about 47um. These similarities are
seen in the calculation of total amount of Ti®" detected by the fluorescence analysis
technique, at 22% and 24% for the slow and fast cooling regimes respectively. Therefore,
for the longer diffusion times at 1950°C, it seems that the amount of Ti*" incorporated is
insensitive to the cooling rate. Further SIMS analysis of the total-Ti distribution in samples

S139 and S133 could be carried out to confirm this observation.

The mechanism responsible for the change in Ti fluorescence with cooling rate cannot be
clearly identified from these results. Considering that the effect appears most pronounced
for the shortest diffusion times, it may be related to either the presence of a reaction product
between the diffusion source and substrate, or high concentrations of titanium in the near
surface region. The change in spectroscopy during cooling may be due to the movement of

defects in the lattice, perhaps allowing changes in the Ti valence state and/or the formation

of clusters, precipitates or other phases of Ti-doped Al;Os.

S130 {Slow heat, slow cool, 41nm, 2 hr, 1950°C}  S137 {Slow heat, rapid cool, 41nm, 2 hr, 1950 °C}
S133 {Slow heat, slow cool, 41nm, 8 hrs, 1950°C} S139 {Slow heat, rapid cool, 41nm, 8 hrs, 1950C} 94



In summary, for diffusion times of 1 and 2 hours, a rapid cool has significantly increased the
concentration of Ti*" incorporated in the sapphire. In the case of the 2-hour diffusion, the
Ti>* distribution is in close agreement with the total-Ti distribution. For diffusions over

times of 3.7 and 8 hours the cooling conditions appear to have little affect on the diffused

Ti*" distribution.

4.5.4 Diffusion at 1950°C with a decreased source thickness

To investigate the effect of reducing the source thickness on the Ti distribution following
diffusion at 1950°C, a series of samples S124, S125, S128 and S53 were prepared. The
fabrication conditions were similar to those used for series S130-S134, except that the
thickness of the diffusion source thickness was reduced to 27nm for S124, S125 and S128,
and 25nm for S53. The diffusions were carried out at 1950°C for times between 0.2 and 8
hours. Heating to, and cooling from the diffusion temperature followed the slow regime,
controlled over a 32-minute period. For S53, the thin film diffusion source was patterned
such that only half of the surface was covered. The Ti** distribution following diffusion was
investigated by fluorescence imaging and the total-Ti concentration in the near surface

region (d<2um) was characterised using SIMS.

4.5.4.1 Diffused Ti’* distribution
Figure 4.18 illustrates the fluorescent Ti** distribution observed following diffusion at

1950°C for times up to 8 hours from a 25-27nm thick diffusion source. With increasing
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Figure 4.18:- Ti** distributions following diffusion at 1950 °C for
times between 0.2 and 8 hours from a 25-27nm diffusion source.

S128 {Slow heat, slow cool, 27nm, 0.2 hr, 1950 °C} S125 {Slow heat, slow cool, 27nm, 1 hr, 1950 C}
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Figure 4.19:- Percentage T 7" detected by fluorescence imaging compared to
total Ti supplied.

diffusion time, the Ti** peak concentration decreases and the depth of Ti** inclusion
increases. The peak concentration of Ti** is located at increasing depths beneath the surface
with increasing diffusion time, although for the shortest diffusion time, the observation of a
peak beneath the surface is inconclusive as the profile is limited by the resolution of the
imaging system. Since these samples are cooled slowly from the diffusion temperature,
some non-fluorescent Ti may also be present, in varying proportions as a function of
diffusion time. This complicates the quantitative interpretation of the trends in the diffusion

profile with time.

The total Ti’" detected as a fraction of the Ti supplied is shown in Figure 4.19, calculated by
integrating the area under the curves shown in Figure 4.18. It seems that the total it
content is decreasing with diffusion time and that in each case, the amount of T detected is
less than half of the total supplied. It is interesting to see that the Ti°" content tends towards

about 25% after an 8 hour diffusion, similar to the observations discussed in the previous

section.

4.5.4.2 Total Ti concentration

The total-Ti concentration included in the near surface region of samples S128, S125 and
S53 has been measured by SIMS. The data was taken using SIMS in a continuous depth
profiling mode, etching a single deep crater in the surface. The total-Ti concentration

measured as a function of depth is shown in Figure 4.20.

S128 {Slow heat, slow cool, 27nm, 0.2 hr, 1950 C} S125 {Slow heat, slow cool, 27nm, 1 hr, 1950 C}
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Figure 4.20:- Total-Ti distribution measured by SIMS following diffusion from a
25-27nm continuous thin film source for times up of 0.2, 1 and 8 hours at 1950°C.

In each case the SIMS depth profile shown in Figure 4.20 shows the total-Ti concentration
increasing for depths up to 2pum beneath the surface. Whilst not typical of a diffusion

process, this trend is a consistent feature of the diffused total-Ti concentration profiles

measured by SIMS.

4.5.5 Discussion of the effect of reducing the source thickness

Some comments on the effect of reducing the diffusion source thickness may be made by
considering the Ti*" distributions for $134, S131 and S133 in comparison with those
obtained for S125, S124 and S53 respectively. The former series were fabricated with a
diffusion source of thickness 41nm and the latter a source thickness of 25-27nm, for
diffusion times of 1, 3.5-3.7 and 8 hours under otherwise similar conditions. All the samples
were cooled slowly, which complicates comparison of fluorescence imaging data since

differing amounts of non-fluorescent Ti may be present.

For ease of comparison, Figure 4.21 (a), (b) and (c) replicate the Ti*" distributions obtained

for the samples under discussion, grouped for the 1, 3.5-3.7 and 8 hour diffusions

respectively.

Following the one-hour diffusion, the peak concentration of included Ti** is significantly

enhanced for the lesser source thickness. The discrepancy is reduced for the 3.5-3.7 hour

S128 {Slow heat, slow cool, 27nm, 0.2 hr, 1950°C} S125 {Slow heat, slow cool, 27nm, 1 hr, 1950°C}
S124 {Slow heat, slow cool, 27nm, 3.7hrs, 1950 °C} S53 {Slow heat, slow cool, 25nm, 8 hrs, 1950 C} 97
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Figure 4.21:- Comparison of T distributions obtained following diffusion from a 41nm
and 25-27nm thin film diffusion source for (a) 1 hour diffusion, (b) 3.5-3.7 hour diffusion
and (c) 8 hour diffusion.

diffusions and then reversed for the 8 hour diffusion, although such small differences are
subject to limitations in the relative error of the measurements. In each case, the penetration
of Ti into the lattice is less for the lesser source thickness. These results indicate that the
concentration of Ti** included as a function of depth is dependent on the amount of source

supplied, as well as the diffusion time and cooling conditions.

The observation that the inclusion depth depends on the amount of source, is consistent with
a rapid reaction between the Ti(O) diffusion source and sapphire substrate in addition to
diffusion into the lattice. The reaction will continue as long as the supply of reactants
continues, so that the thickness of the reaction layer will depend on the amount of source
supplied. The system of a reaction and diffusion has yet to be modeled for the inclusion of
Ti in sapphire. Alternatively, the dependence of diffusion depth on source thickness may be
explained by a concentration dependent diffusion rate. Further investigation is required to

identify the processes contributing to the transport of Ti into sapphire at 1950°C.

4.5.6 Titanium diffusion at a lower temperature of 1750°C

A series of samples were fabricated to investigate the Ti diffusion characteristics at a lower
temperature of 1750°C. Samples S153, S154, S155 and S156 were prepared with a 27nm
diffusion source, deposited by evaporation from a powdered Ti,O3 source and diffused for
times of 1, 2, 3.5 and 8 hours respectively at a temperature of 1750°C. The heating and
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cooling cycles were controlied over a period of 26 minutes, follo

S134 {Slow heat, slow cool, 41nm, 1 hr, 1950°C}  S125 {Slow heat, slow cool, 27nm, 1 hr, 1950 T}
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§4.2.4. Following diffusion, the Ti** distributions were characterised by fluorescence

imaging.

4.5.6.1 Diffused Ti** distribution
Figure 4.22 presents the Ti** distribution obtained for samples S153-S156 using

fluorescence imaging.

In each case Ti’' is observed to have diffused into the sapphire substrate, attaining depths in
excess of 40um after an eight-hour diffusion. The peak concentration of Ti*" incorporated
shows a large range, from 0.4wt% for the shortest diffusion time (1 hour), decreasing to
0.02wt% following a 2 hour diffusion. For samples S154-S156, the peak Ti** concentration
is located approximately 15um beneath the sapphire surface, whilst the resolution of the
location of the peak Ti®" concentration for S153 is limited by the system response of the

measurement technique.

The changes in the Ti*" distribution with time do not follow the trend expected by standard
diffusion theory. The rapid change in diffused Ti** profile between S153, S154 and S155 is
unexpected and may be related to a characteristic change in the transport process. For
example, the factor of 10 decrease in the peak Ti** concentration between S153 and S154

may be related to the end point of a reaction between source and substrate.
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Figure 4.22:- Fluorescence distribution after diffusion from a 27nm continuous thin film

source at a temperature of 1750 °C. (a) for a diffusion time of 1 hour and (b) for diffusion

times of 2, 3.5 and 8 hours.

S153 {Slow heat, slow cool, 27nm, 1 hr, 1750°C}  S154 {Slow heat, slow cool, 27nm, 2 hr, 1750 C}
S155 {Slow heat, slow cool, 27nm, 3.5krs, 1750 °C} S156 {Slow heat, slow cool, 27nm, 8 hrs, 1750 °C} 99



Further complicating the interpretation of these trends is the expectation that some non-

fluorescent Ti may be present, since these samples were cooled slowly from the diffusion

temperature.

4.5.7 Discussion of the effect of reducing the temperature
Comparing the Ti** distribution measured for S125, $124 and S53 with S153, S155 and
S156, some comment may be made on the effect of lowering the diffusion temperature from

1950°C to 1750°C. Figure 4.23 compares the Ti*" distribution for these samples.

The reduction in temperature does not show a simple trend in Ti** distribution for increasing
diffusion times between 1 and 8 hours. Following the ideal diffusion theory discussed in
chapter 3, a reduction in temperature should lead to a lower diffusion rate and a decrease in
the maximum concentration at the surface. These trends are not observed in Figure 4.23,
although interpretation of the diffusion profiles is complicated by the unknown proportion of

non-fluorescent Ti for each sample, considering all were cooled slowly from the diffusion

temperature.

In conclusion, a reduction in the diffusion temperature does not lead to a trivial change in the
diffused Ti** distribution. These results however, do demonstrate that it is possible to

incorporate Ti°" to depths of tens of microns, within a time scale of hours, at a temperature

of 1750°C.
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Figure 4.23:- Comparison of Ti" " disiribution observed for diffusion at 1950 °C and
1750 °C under otherwise similar conditions, (a) I hour, (b) 3.5 hours and (c) 8 hours.

S153 {Slow heat, slow cool, 27nm, 1 hr, 1750°C}  S154 {Slow heat, slow cool, 27nm, 2 by, 1750C}
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4.5.8 Summary of diffusion characteristics observed for a diffusion from a
continuous thin film source

The diffusion of titanium into sapphire to depths in excess of 50pm and in concentrations as

great as 0.4wt% into sapphire has been demonstrated. Diffusions were carried out at

temperatures of 1750°C and 1950°C, for times between 0.2 and 8 hours, from continuous

en 25 and 41nm, for various cooling conditions. The titanium

thin Ffilmg
[FEIVIREINENE I

Gf thickn b
distribution following diffusion was investigated using fluorescence imaging technique
which is sensitive to Ti>* ions incorporated with a spectroscopy appropriate for the
development of an optical gain medium, and by SIMS, a technique insensitive to the
spectroscopy of the diffused titanium. By considering trends in the total-Ti and/or
fluorescent Ti'" distribution as a function of fabrication conditions, a number of comments

may be made about the incorporation of titanium into sapphire.

At a temperature of 1950°C, diffusing from a 41nm thick diffusion source and under
conditions of slow cooling, Ti’* has been incorporated with peak concentrations of the order
of 0.04wt% to increasing depths with diffusion time. In each case, the peak concentration is
located at depths between 10 and 20pm beneath the surface and the profiles were not
consistent with standard diffusion theory. Further investigation of the total-Ti concentration
for the sample diffused for 2 hours revealed that the total-Ti content was significantly greater
than the fluorescent Ti’" content. The form of the diffused total-Ti profile was closer to that
predicted by standard diffusion theory, although the immediate surface region, up to depths
of 2um, was depleted in titanium. An estimate of the diffusion rate appropriate for the
inclusion of titanium to the depths observed was of the order of 10m?%s™.

The effect of the cooling conditions on the total-T1 and Ti** distribution following diffusion
was investigated by fabricating further samples under nominally similar conditions, except
that the cooling rate was increased. For short diffusion times (1 and 2 hours) a significant
increase in the peak Ti’* concentration was observed for the rapid cooling rate. For the
sample diffused for two hours, the Ti** distribution was in close agreement with the
measured total-Ti distribution. Again, a depletion of Ti in the near surface region was
observed. The effect of the more rapid cool on the Ti** distribution observed for the longer

diffusion times (3.7 and 8 hours) was less marked and differences in the peak T
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A reduction in the diffusion source thickness to 25-27nm, resulted in a significant increase in
the peak Ti’" concentration following a one-hour diffusion. After longer diffusion times, the
differences were less marked, although in all comparisons, it appears that the reduction in

source thickness may have led to an overall reduced diffusion rate.

Reducing the diffusion temperature to 1750°C and diffusing from a 27nm thick diffusion
source, Ti*" was incorporated into the sapphire with peak concentrations of 0.4wt%, after a 1
hour diffusion and to depths in excess of 40um after an eight hour diffusion. The peak T
concentration recorded following the one-hour diffusion is approximately an order of
magnitude greater than that recorded for the samples diffused for longer times at 1750°C.
The trend in the evolution of the diffused Ti’* profile as a function of diffusion time is not
typical of a standard diffusion and interpretation is difficult without further information on

the total-Ti distribution.

Following the conclusions of chapter 3, the transport process is expected to include a
reaction between the source and substrate followed by a diffusion of Ti’" into the sapphire
Jattice. The observation that the depth of Ti** inclusion is dependent on the source thickness
and that a simple relation does not hold for a reduction in temperature lends support to a
reaction/diffusion model. For example, a greater source thickness will lead to a larger
reaction layer so that the diffusion process commences from a greater depth beneath the
substrate. In addition, the composition of the reaction product and the rate of formation will

vary with diffusion temperature, leading to complex trends in the observed concentration

profile.

In addition, the discussion in chapter 3 indicated that evaporation of titanium from the
sample surface might occur during the high temperature treatment. Evaporation of titanium
during the diffusion process would explain the small fractions of Ti detected in each
analysis. For example, after a 2 hour diffusion at 1950°C from a 41nm thick source, only
half of the supplied Ti was detected by SIMS analysis, and after 8 hours, only a quarter of

the supplied Ti was detected by fluorescence imaging.

The dominance of each mechanism (reaction, diffusion and evaporation) on the overall Ti
profile will depend on the diffusion time, temperature and source thickness. Further work is

stablish the kinetics of each mechanism and allow a model of the transport

required to
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process to be developed; however a fundamental study of the diffusion mechanism in

sapphire is not the principle aim of this work.

In conclusion, Ti*" with a spectroscopy appropriate for optical gain may be included in
sapphire by thermal diffusion. Concentrations as great as 0.4wt% may be incorporated and
depths of tens of microns achieved within hours at temperatures of 1750°C and 1950°C. The
proportion of Ti present as the fluorescent Ti’" ion may be affected by the cooling rate so,
for a maximum Ti"" yield, a rapid cool from the diffusion temperature is appropriate. The
concentration and depth of Ti** following a diffusion anneal is dependent on the diffusion

time, temperature and source thickness.

Having demonstrated that the active ion Ti*" may be introduced by thermal diffusion, the
potential for spatially defining doped regions across the substrate was investigated by

diffusing from a patterned diffusion source.

4.6 Diffusion from a patterned source
Diffusing from a photolithographically patterned diffusion source offers control over the

spatial distribution of a diffusant across a substrate. This will allow the realisation of a

localised gain medium and/or a channel waveguide.

In this work, diffusion from a series of stripes was investigated for temperatures between
1480°C and 1950°C, with diffusion sources of thicknesses ranging up to 270nm. The
diffusions were all carried out with a rapid cool from the diffusion temperature, to ensure as
much Ti as possible is introduced as the fluorescent Ti’" jon. The mask used in most studies
comprised of sets of 14 stripes between 3 and 16pm wide, with each set separated by a
100pum wide marker stripe, with further details given in §4.2.2. Using fluorescence imaging,
the distribution of Ti** both immediately beneath the stripes and in the intervals between
stripes were investigated to identify the distribution of diffused Ti’* ions. In addition,
considering the diffused profile immediately beneath the 100pum marker stripe,
characteristics of the diffusion in the depth direction were obtained for a range of source
thicknesses, diffusion temperatures and diffusion times. These results complement the

investigation of diffusion from a continuous thin film described in the previous section.
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4.6.1 Lateral diffusion at 1750°C and 1950°C

The distribution of diffused Ti>* was investigated for a series of samples fabricated at
temperatures of 1750°C and 1950°C, with a patterned diffusion source, 114nm thick. After
diffusion, the original location of the stripes could be identified under an optical microscope,

identified as regions of increased roughness. This enabled fluorescence imaging to be

performed at the original location of the stripe source and in the regions between the stripe
sources, to investigate the extent of any lateral diffusion.

For S165, diffused for 1 hour at 1750°C, a significant amount of Ti*>" was detected in the
region midway between the stripe sources. This is illustrated in Figure 4.24, which shows
the Ti>* distribution measured at the location of stripe 15 and at a location between stripes 14
and 15. Since no source was supplied between the original stripes, a significant lateral
diffusion must have occurred, to explain the presence of Ti i between the stripe sources. The
extent of this lateral spread is unexpected, considering the stripes are separated by 100pum,
and as shown in Figure 4.24, the diffusion depth in a direction perpendicular to the surface is

no greater than 10um.

The full widths at 1/e of the peak concentration are similar for each profile, although caution
must be exercised as the profiles may be limited by the resolution of the imaging system. It
is interesting to note that the forms of the diffused profiles are similar to those measured for

S153 (Figure 4.22), diffused under similar conditions, except for the patterned source and

cooling rate.
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Figure 4.25:- Peak T >+ concentration measured at locations immediately
below a stripe source and in the region between stripe sources on sample S165.

The character of the diffusion from the different stripes on S165 is shown in Figure 4.25,
which plots the peak detected Ti** concentration measured at, and between, the location of
the initial stripe source. As the stripe decreases in width, the peak concentration both
beneath, and between, the stripe source decreases. The peak concentration between stripes is

on average 57% that of the adjacent stripes.

By increasing the diffusion temperature to 1950°C, a similar lateral diffusion is observed.
The region between the stripes is filled with fluorescent Ti**, with an example of the diffused
profiles for an intermediary position between stripes 14 and 15, and beneath stripe 15, shown
in Figure 4.27. At the higher diffusion temperature, Ti*" has diffused to a greater depth,
compared with S165 and the Ti*" peak concentrations are lower. It is interesting to compare
these diffused profiles with those obtained for S135 (see Figure 4.14), diffused under similar
conditions, except that the diffusion source was a continuous thin film, 41nm thick. With the
continuous thin film source, the Ti°* was detected at depths up to 20um, with a slightly
lower peak concentration. These results indicate that that the diffusion from the continuous

thin film was more advanced than that observed for the patterned source on S168.

Figure 4.26 shows the peak Ti** concentration observed at different positions across the
surface of $168. The peak concentrations are lower than those measured for S165, diffused

at the lower temperature of 1750°C. The contrast in peak concentration measured beneath

S165 {Slow heat, rapid cool, P114nm, 1hs, 1750°C} S153 {Slow heat, slow cool, 27nm, 1hr, 1750 °C}
S168 {Slow heat, rapid cool, P114nm, 1hr, 1950°C} S135 {Slow heat, rapid cool, 4Inm, 1hr, 1950C} 105
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Figure 4.27:- Ti** distribution beneath stripe 15, and in between
stripes 14 and 15 measured on S168, diffused for 1 hour at 1950°C

with a 114nm source.

the stripes and at intermediary locations is slightly lower than before, with the peak

concentration between stripes an average 66% of the peak concentration beneath the stripes.

In summary, diffusion from a stripe source occurs in directions perpendicular and parallel to
the surface. The diffusion rate parallel to the surface is great enough so that the 100pm wide
region between stripes is filled with diffused Ti**, whilst in the depth direction Ti’" is not
detected at depths beyond 10um, for the samples discussed. The cause of the large

anisotropy in diffusion is unknown; previous studies of diffusion in sapphire have not led to
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Figure 4.26.- Peak T ** concentration measured at locations immediately
beneath stripe sources and in between stripe sources on S168, diffused for

1 hour at 1950°C from a 114nm source.
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observations of anisotropy in the lattice diffusion rates' "2, However, the diffusion rate is
expected to be dependent on the defect structure of the sapphire, which may be
inhomogeneous, leading to an apparent anisotropy in the observed diffusion rate.
Alternatively, the unbound surface may provide a fast diffusion route. Further work is

necessary to investigate the cause of the lateral diffusion and to determine how it may be

controlled.

4.6.2 Variation in diffused profile as a function of source thickness

The total amount of source available for diffusion is a function of stripe width and height.
For example, between the 3um and 15pum stripe, the amount of source increases by 5-fold.
Previously, differences in the diffused Ti’" profiles were observed for a differing source
thickness in the study of a continuous thin film, although interpretation of the results were
complicated by the use of a slow cool in the fabrication of samples. Therefore for samples
diffused from a patterned source, variation in diffused concentration and depth is expected as
a function of stripe width and diffusion source thickness. An aspect of this has already been
observed in Figure 4.25 and Figure 4.26, which showed an increase in peak Ti**
concentration with stripe width. In this section, trends in the diffused Ti** concentration are

discussed further for diffusion from striped sources of increasing thickness at a temperature

of 1750°C, and cooled rapidly.

Figure 4.28 shows the peak Ti>* concentration measured by fluorescence imaging for

samples S161, S165 and S147. These samples were fabricated under similar conditions,
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Figure 4.28:- Peak diffused Ti*" concentration for samples diffused under
similar conditions, but with differing source thickness.

S165 {Slow heat, rapid cool, P114nm, 1hs, 1750°C} 8153 {Slow heat, slow cool, 27nm, 1hr, 1750 °C}
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with striped diffusion sources of 60nm, 114nm and 238nm respectively, with the exception
that S147 was also heated to the diffusion temperature rapidly. These samples were diffused
at a temperature of 1750°C for a period of 1 hour.

Figure 4.28 shows that with increasing stripe width, and with increasing the source thickness
from 60nm to 114nm, the peak Ti** concentration increases. However, for a further increase
in source thickness, to 238nm, the peak Ti*" concentration decreases. This attribute may be
related to the change in heating rate for S147, and/or the slightly reduced time at elevated

temperature due to the rapid heating, or may be related to the change in source thickness.

The change in the diffused Ti*" profile between S165 and S147 is shown in Figure 4.29,
measured beneath the 100um marker stripe. The decrease in peak concentration for S147 is
clear. The profile of S165 is fairly close to that expected for a diffusion profile, with the
resolution of the near surface region limited by the resolution of the imaging technique. For
S145, the peak is located about 10pum beneath the surface, a feature that cannot be attributed
to limitations in the measurement technique. This could be explained by loss of Ti by
evaporation, however, it is more likely that some non-fluorescent Ti is present in the near
surface region, considering an increase in the surface roughness at the location of the stripe
is observed after diffusion. These results indicate that the peak concentration and diffusion

" S . . .
depth of Ti*" is closely related to the amount of diffusion source supplied.

In summary, non-ideal trends in the diffused Ti** distribution have been observed for

samples fabricated under similar conditions, with varying diffusion source thickness. For the
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Figure 4.29:- Diffused T distribution beneath the 100um stripe on samples S165 and S147.

S161 {Slow heat, rapid cool, P60nm, 1hr, 1750°C} SI165 {Slow heat, rapid cool, P114nm, 1hr, 1750 °C}
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greatest thickness, 238nm, it appears that not all of the incorporated Ti is present as the

fluorescent Ti>* ion, despite the rapid cool.

4.6.3 Diffusion at 1950°C with a 270nm thick source

The effect of increasing the diffusion source thickness has been discussed at a temperature of
1750°C. A further study at 1950°C, for a series of samples, S175, S176 and S146, diffused
for 0.2, 1 and 2hr respectively, illustrates other interesting features observed for the thicker
diffusion source. The source thickness used for S175 and S176 is 270nm, whilst for S146,
the diffusion source thickness is slightly reduced at 238nm. These samples are heated and
cooled rapidly to the diffusion temperature. Therefore the diffused profile for the 0.2 hrs (10

minutes total time at elevated temperature) records the early stages of the Ti transport

process.

Figure 4.30 shows the Ti** distribution measured beneath a 100pm stripe on each of the
samples. It is interesting to see that the diffused Tt penetrates about the same distance in
each of the samples, despite the difference in diffusion time. The extent of diffusion of Ti*
for the 10 minute anneal is remarkable; previously, a diffusion to depths of about 10um was
observed for a similar time at 1950°C, for a 27nm continuous thin film source (see

Figure 4.18). The relation between peak Ti** concentration and diffusion time is not simple,
and may be related to the small difference in source thickness used for S146 compared to
S175 and S176. In each case, the peak Ti*" concentration is some distance beneath the

sample surface. This is most pronounced for the shortest diffusion time.

0.20

§175, 0.2 hrs

0.15
$176, 1hr

$146, 2hrs

TE SO TR S I S S T |

Ti** concentration

lequivalent wi% 0.10
Ti,0,in AL,O,

0.05

0.00
-10 0 10 20 30 40 50

Depth /um
Figure 4.30:- Diffused Ti** distribution beneath the 100um stripe following diffusion at
1950°C for times between 0.2 and 2 hours.
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Figure 4.31:- Variation in T distribution in the locality of a 100um stripe on S175

Interpretation of these results is complicated by the lateral diffusion from the stripe, and its
progression with diffusion time, which has not been analysed in detail for these samples.
Similarly to S147, discussed in the previous section, these samples have been heated rapidly
to the diffusion temperature, and the effect of this has not been characterised in detail. These

profiles indicate that despite the rapid cool some non-fluorescent Ti is present after diffusion.
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The profile observed for S175 was obtained for a location directly beneath a 100pm stripe
diffusion source. Immediately to the side of the 100um stripe a distinct change in the profile
was observed, as shown in Figure 4.31. The form of the profile obtained to one side of the
100um stripe is very similar to the deeper section of the profile beneath the centre of the
stripe source. This may indicate that an intermediary compound, containing non-fluorescent
Ti has formed immediately beneath the stripe source, from which diffusion has occurred into
the substrate, and laterally away from the source. The surface at the original location of the
100pum stripe, is rough compared to unannealed sapphire, but does not show any significant
swelling. These results support the model of a rapid reaction between the diffusion source

and substrate, in addition to diffusion of Ti*" into the sapphire lattice.

In summary, the diffused Ti** concentration in the vicinity of a 100um stripe source has been

investigated following diffusion at 1950°C for times between 0.2 and 2 hours. The observed

trend in the diffused profile with time is not ideal. For the shortest diffusion time it appears
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that significant non-fluorescent Ti has been incorporated.

S175{Rapid heat, rapid cool, P238nm, 0.2hr, 1950°C} S1 76{Rapid heat, rapid cool, P238nm, 1hr,1950 °C}
S146 {Rapid heat, rapid cool, P238nm, 2hr, 1950 C} 110



4.6.4 Summary of diffusion from a patterned source

A latera] diffusion parallel to the sapphire surface occurs from the patterned diffusion source,
which is significantly faster than the diffusion rate perpendicular to the surface. After
diffusion at 1750°C, for a time of 1 hour, concentrations of Ti** as high as 0.4wt% Ti,O3 in
Al, O3 of Ti*" are observed, which is significantly greater than that used in Ti:sapphire laser
crystals. Increasing the diffusion temperature to 1950°C, the peak concentrations d
are lower and the diffusion depth greater, as may be expected if the net transport rate
increases with temperature. By increasing the source thickness from 114nm to 238nm, a
significant change in the diffused profile is observed. The peak concentration of Ti*
appears about 10um beneath the surface and is less than expected. These results indicate
that despite the rapid cool, some non-fluorescent Ti has been incorporated during the
diffusion. Therefore obtaining a high quality locally defined gain medium is a function of
diffusion source thickness as well as diffusion time and temperature. The dimensions of the
gain region will also be limited by the extent of the lateral diffusion. However, the results do

show that high quality gain regions may potentially be formed from a patterned source by

thermal diffusion.

4.7 Observations of diffusion under range of conditions

The results presented so far indicate that the diffusion process at temperatures of 1750°C and
1950°C contain many features. The results show that diffusion to depths of tens of microns
is possible within a time scale of hours and that a large range of concentrations is possible.
The diffusion process is far from ideal and a more detailed study would be required to

identify each contributory mechanism.

In this section, a series of studies are discussed which have explored some of the features
further. For example, the fast diffusion rates observed indicate that lower temperatures may
be used. Slower transport rates at lower temperatures may offer greater control over the
diffused Ti°" distribution, so the characteristics of samples diffused for an hour at
temperatures of 1480°C and 1700°C are presented. One of these samples, S169, was later
used to realise a channel waveguide laser. The investigation of diffusion at temperatures as

low as 1480°C also offers the possibility of using different furnaces, and the effect of a
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metal film are discussed and the possibility of loss of Ti by evaporation is investigated for a
bulk doped sample annealed at high temperature. Spatial variation in the diffusion profile
has been observed for a patterned source, however, a significant change in the diffused

profile is also seen near the edge of the sapphire sample for a continuous thin film.

4.7.1 Diffused Ti’" distribution at temperatures between 1480°C and 1950°C
Numerous further samples were prepared to investigate the diffusion characteristics from a
patterned source, with source thickness’ ranging from 27nm to 270nm, at temperatures
between 1480°C and 1950°C for times between 0.2 and 8 hours. The trend observed for a
range of temperatures, following a 1 hour diffusion from a patterned source ranging from

238nm — 270nm, is shown in Figure 4.32.

Figure 4.32 shows that the trend in the peak Ti*" concentration and the diffusion depth is not
a simple function of temperature. Sample S169, diffused for 1 hour at a temperature of
1700+60°C shows the greatest Ti*" concentration, with the diffusion doping confined to the
surface 10um. The greater error in diffusion temperature has arisen from an error in the
alignment of the optical pyrometer, which monitors the furnace temperature for this sample.

The diffused region beneath the 3pum stripe on S169 was selected for laser experiments,

reported in chapter 6.
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Figure 4.32:- Ti"" distribution beneath the 100um marker stripe, following

diffusion for 1 hour at temperatures between 1480 °C and 1950 C.

S172{Rapid heat, rapid cool, P270nm, 1hr, 1480°C} S169{Rapid heat, rapid cool, P270nm, Ihr, 1700 C}
S147{Rapid heat, rapid cool, P238wm, 1hr, 1750 C} S176{Rapid heat, rapid cool, P238nm, 1hr, 1950°C} 112



4.7.2 Diffused Ti’* distribution at 1480°C, in different furnaces

Although initial effort has concentrated on diffusion at temperatures in excess of 1700°C, it
is attractive to investigate Ti diffusion at lower temperatures, where the choice of diffusion
furnace is greater. The use of an alternative furnace would allow more flexibility over
diffusion atmosphere and sample size. To investigate this, a series of samples were
at diffusion temperatures of 1480°C and 1500°C in the usual carbon resis
furnace and a ceramic tube furnace respectively. The tube furnace consists of tungsten
heating elements surrounding a high purity alumina tube. During diffusion, argon gas is
flushed through the tube in an attempt to maintain an inert atmosphere. However, it is

thought that a small partial pressure of oxygen will exist in the tube at temperatures of

1500°C.

A series of samples, S172, S173 and S174 were diffused in the usual carbon resistance
furnace at a temperature of 1480°C for times of 1, 4 and 8 hours respectively. In each case,
the diffusion source was patterned with stripes, of thickness 270nm. The diffused Ti**
distributions measured in the location of one of the 100pm stripes is shown in

Figure 4.33(a). In Figure 4.33(b), the Ti*" distribution beneath the 100um stripe is shown
(note the factor of 10 difference of scale on the y-axis) for samples SL5 and SL6. These
samples were diffused for 8 and 16 hours respectively in a ceramic tube furnace at a

temperature of 1500°C, from a 264nm thick Ti(O) diffusion source, patterned as stripes.
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Figure 4.33:- T " distribution beneath a 100um stripe following diffusion in (@) a carbon
furnace and (b) a ceramic tube furnace at temperatures of 1480°C and 1500°C

respectively.
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Comparing Figure 4.33(a) and (b) it is clear that the choice of furnace has affected the
diffused Ti*" distribution. In the carbon resistance furnace, the peak Ti>" concentration
increases with diffusion time and the maximum depth of diffusion is of the order of 10um
following an 8 hour diffusion. In the ceramic tube furnace, for similar diffusion conditions,
the concentration of Ti°*" is about an order of magnitude lower, and the diffused Ti’" extends
. On increasing the diffusion time further to 16 hours, the peak

concentration decreases and the diffusion depth increases.

The change in furnace has clearly affected the Ti diffusion characteristics. It may be that the
presence of small amounts of oxygen in the ambient atmosphere affects the Ti valency, the
progression of any reaction between the source and substrate, or the defect structure of the
sapphire. A change in the valency of the Ti, bulk-doped in sapphire has been previously

reported for heating in differing partial oxXygen pressures atmospheres’.
g g p

4.7.3 Diffusion from a Ti thin film source

Whilst a Ti;O; thin film source is attractive in that it remains solid at temperatures up to
1840°C, the films are hard to deposit with reproducible composition® and thickness by
thermal evaporation. The varied composition may have implications for the progression of a
reaction between the source and substrate, and may be a contributory factor in the non-ideal
diffusion characteristics observed so far. The use of a Ti metal film would be preferred, as
the properties of vacuum deposited thin films are expected to be consistent for given set of
deposition conditions. The results of preliminary studies into the use of a Ti diffusion source
are discussed below, illustrating some of the characteristics of the diffusion at temperatures

just below, and above the melting point of the Ti source, 1660°C.

Samples S54, S2 and S4 were diffused for a period of 8 hours at temperatures of 1620°C,
1750°C and 1950°C respectively, with slow heating and cooling regimes. For S54, the film
thickness was 25nm, and for S2 and S4 the film was in excess of 100nm. In each case, the
surface after diffusion showed distinct features, which are illustrated in Figure 4.34. In each

case there is clearly some interaction between the thin film and the substrate.

For diffusion temperatures above the melting point of Ti the interaction appears to be

localised. The features seen in Figure 4.34(b) were analysed using energy dispersive

spectrometry'® and were found to have a high Ti content, indicating that these features are

S172{Rapid heat, rapid cool, P270nm, 1hr, 1480°C} SL5{Quick heat and cool, P264rnm, 8hr,1500 C}
S173{Rapid heat, rapid cool, P270nm, 4hr, 1480°C} SL6{Quick heat and cool, P264nm, 16kr, 1500°C} 1 14

S174{Rapid heat, rapid cool, P270nm, 8hr, 1480 °C}



characteristic of a Ti-rich residue. At the higher temperature of 1950°C, distinct hexagonal
pits and associated raised sections are observed. Further investigation would be required to
establish whether the surface features form on cooling, or whether they are representative of
a localised interaction at the diffusion temperature. A similar beading of thin metal films on
sapphire has been observed! !¢ for the metals Pd and Cu, albeit at significantly lower

temperatures (<1000°C).
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(a) Sapphire 54 after an 8 hour anneal at 1 620 C using a 25nm thick Ti
film. The photograph shows a pattern on the surface due to some Ti residue.
The surface profile on the right is taken in the direction of the arrow.
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(b) Sapphire 2 after an 8 hour anneal at 1750 C using a Ti source of
thickness > 100nm. The features range up to 1200nm in height, shown
in the surface profile on the right. Compositional analysis of the features
indicate a high Ti content.
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(¢) Sapphire 4 after an 8 hour anneal at 1 950 C using a Ti source
thickness > 100nm. The photograph reveals deep pits and raised regions,
which are identifiable in the surface profile on the right.
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Figure 4.34:- Surface quality following diffusion from a Ti source a
temperatures of (a) 1620°C, (b) 1750°C and (c) 1950°C

S54 {Slow heat, slow cool, 25nm, 8hr, 1620 C} S2 {Slow heat, slow cool,>100nm, 8hr,1750 C}
S4 {Slow heat, slow cool, >100nm, 8hr, 1950 C} 115
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Figure 4.35:- Ti** distribution measured for samples diffused from a Ti
diffusion source at temperatures of 1750°C and 1950°C.

Despite the surface roughness, the diffused Ti’" distribution was investigated for these
samples and the results illustrated in Figure 4.35. During the 8 hour diffusion, Ti** has been
incorporated to significant depths, although the profiles are not ideal. The appearance of the
peak Ti** concentration beneath the surface in each case may indicate that some non
fluorescent Ti has been incorporated, which may be expected under slow cooling conditions.

The presence of a Ti rich residue on S2 may also affect the diffused distribution of

fluorescent ions.

In comparison with S156 and S53 (Figure 4.23(c)), diffused under comparable conditions to
S2 and S4 respectively, except for the composition and thickness of the diffusion source, the

thicker Ti metal diffusion source has led to the incorporation of higher Ti*" concentrations.

These results are encouraging since they indicate that Ti** may be introduced into sapphire
from a Ti metal source, at temperatures above the melting point of Ti. Ti metal is a more
attractive diffusion source than TiyOs, as in practice the deposition of Ti is expected to be
more reproducible than the deposition of a Ti,Os film. With further development, it is

expected that roughness of the surface after diffusion may be reduced.

4.7.4 Movement of Ti in a bulk doped sample

In many of the studies so far, the amount of Ti detected during analysis is significantly less
than the total amount supplied in the diffusion source. For example, for diffusion from a
continuous thin film source, only 25% of the supplied Ti is detected during fluorescence

imaging. This may indicate that either there is an error in the calculation of the amount of

854 {Slow heat, slow cool, 25nm, 8hr, 1620 C} S2 {Slow heat, slow cool,>100nm, 8hr, 1750 C}
54 {Slow heat, slow cool, >100nm, 8hr, 1950 C} 116



source supplied or that Ti has been lost during the high temperature treatment. An error in
the calculation of the amount of Ti content is possible, since it is assumed that the deposited
diffusion source is stoichiometric Ti,Oj3, rather than a mixture of lower oxides of Ti as
reported by other authors for this deposition technique. However, it is unlikely this would
lead to a four-fold over estimate. Therefore, to investigate the movement of Ti at the

diffusion temperature of 1950°C, the movement of Ti*" in a bulk doped Ti:sapphire crystal

was considered.

Two sapphire samples BD10 and BDS5, doped throughout with Ti,05 at 0.11wt% were
annealed at 1950°C for two hours. BD10 was cooled slowly from the diffusion temperature
to room temperature, whilst BD5 was cooled rapidly. SIMS and fluorescence imaging was
used to characterise the distribution of Ti** and total-Ti after diffusion. Changes in the total-
Ti and Ti*" distribution on both the top face of the crystal (exposed to the ambient

environment) and the bottom face of the crystal (in contact with a tantalum foil) were

investigated.

Figure 4.36 shows the Ti** distributions measured for BD5 and BD10, with respect to depth
from the top and bottom faces of the crystal. In each case, the measured Ti** concentration
is greater on the bottom face, at a level greater than the nominal crystal doping. On the top
face, the Ti>* content is at a minimum at the surface, increasing with depth into the crystal.

Little difference in the form of the Ti®* distribution is observed for the differing cooling

rates.

(a) Cooled rapidly (BD5) (b} Cooled slowly (BD10)
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Figure 4.36:- 71" distribution after a high temperature anneal for a bulk doped

Tz e cmnnhire ; 0, i
Ti:sapphire crystal nominally doped at 0.11wt%. (a) BD3 cooled rapidly from the anneal

temperature, and (b) BD10 cooled slowly from the anneal temperature.
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The increase in Ti®" fluorescence on the bottom face is significant. It may indicate a real
increase in the Ti content, which is hard to explain, or it may indicate that the anneal has
increased the proportion of fluorescent Ti**. This latter interpretation would affect the
quantitative Ti’* measurements made on all diffused samples, increasing the concentrations
by a factor of 0.13/0.11. The increase in Ti** content of a bulk doped Ti:sapphire laser

L high temperature anneal in a reducing atmosphere has been reported

previously'’.

The total-Ti concentration within 2um of the top and bottom faces of BD5 was investigated
using SIMS. Over the first 2um depth from the top face, the total-Ti distribution is in close
agreement with the fluorescence imaging results, with the total-Ti concentration rising from
0.02 to 0.04 wt% Ti, O3 in Al,O3. Therefore the trend in Ti** concentration observed as a
function of depth from the top face of BD5 by fluorescence imaging is most likely to be due
to a depletion of total-Ti concentration, rather than a change in the spectroscopy. Depletion
of Ti from the top face may be due to either evaporation from the top face, or diffusion
towards the back face of the sample, contributing to the higher levels of Ti detected, both by
fluorescence imaging and SIMS. In the light of previous results for Ti-diffused samples, it is

considered more likely that the depletion is due to evaporation from the top surface.

On the bottom face the Ti content increases to levels of 0.13wt% Ti,03 in Al,O3 within 2pm
of the surface, in apparent agreement with the high Ti** concentrations measured by
fluorescence imaging. This increase of total Ti on the lower face of the crystal is hard to
explain, and this result should be treated with caution without further investigation. For
example, the total-Ti concentration could be measured over a greater depth range by

polishing a 0.5° bevel on the sample and carrying out a series of point analyses.

In summary, the movement of Ti in a bulk doped sample following an anneal at 1950°C
provides some interesting results. It seems that the amount of Ti on the upper surface has
decreased. This loss of Ti may be related to the low levels of Ti detected in diffused

samples, compared with the amount of source supplied.

4.7.5 Spatial deviation in the diffused Ti** distribution
Variation in the diffused Ti>" distribution has been observed after diffusion from a patterned

source. It is also interesting to note that variation in the diffused profile is also observed in

BDS5 {Slow heat, rapid cool, bulk doped at 0.1wt%, 2hr, 1950 C}
BDI0 {Slow heat, slow cool, bulk doped at 0.1wt%, 2hr, 1950 °C} 118
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Figure 4.37:- (a) Distribution of diffused T i+ in the proximity of the sample edge,
Jfollowing the geometry illustrated in (b).

the proximity of the sample edge following diffusion from a continuous thin film. For
example, the Ti*" distributions measured at positions within about 2mm of the original
sample edge are shown in Figure 4.37, for sample S134. This sample has been discussed
earlier (see §4.5.1) and was diffused at 1950°C, for 1 hour and cooled slowly from the
diffusion temperature. The diffused distribution is seen to change significantly in peak
concentration and depth of diffusion as a function of distance from the edge. For distances
greater than 2mm, little further change in profile is observed. Changes in the profile may be
related to differences in cooling rate at the edges of the sample or perhaps a local difference
in temperature at the edge compared to the more central regions of the sample. This feature
of the diffusion means that the outer most 2mm of the sample should be removed before the

diffused region is used as an optical device, to ensure uniformity of Ti doping.

4.8 Conclusions

Experimental methods for diffusing and characterising the diffusion of Ti into sapphire have
been presented. The results of the experimental studies show that Ti*" may be incorporated
into sapphire at temperatures between 1480°C and 1950°C over diffusion times between 0.2
and 8 hours, achieving depths in excess of 50um and peak Ti** concentrations greater than
0.4wt% Ti,05 in AL,O3. The characteristics of the diffused Ti are highly sensitive to the

fabrication conditions, and indicate that more than one mechanism contributes to the

S134 {Slow heat, slow cool,41nm, 1hr, 1950 C}
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transport process. These results comprise the first demonstration of Ti** diffusion into

sapphire with a view to making an active optical device.

At 1950°C, for diffusion times up to 2 hours with a 41nm Ti(O) source, the proportion of

T3 included is sensitive to the cooling rate. After a fast cool the Ti** profile is close to the
total-Ti concentration profile, whilst only half of the Ti is present as the fluorescent Ti** jon
after a slow cool. It seems that during the cooling, either defects in the lattice or the Ti ions

have sufficient mobility to move to form a non-fluorescent configuration.

Trends in the diffused profile as a function of time, temperature and source thickness
indicate that more than one mechanism contributes to the diffusion process. Very high Ti**
concentrations may be incorporated, for example 0.4wt% after 1 hour at 1750°C from a
27nm diffusion source. After 2 hours the peak concentration reduces by more than an order
of magnitude. These results are not easily explained by standard diffusion theory, but the

observation of high Ti>" concentrations is encouraging for the future development of a laser

medium.

From a patterned diffusion source, a very fast lateral diffusion is observed, to the extent that
a continuous band of Ti*" is found between the stripe sources. For example, following
diffusion at 1750°C for 1 hour, the diffusion depth is less than 10pm whilst the Ti’" has
diffused at least 50um laterally. The Ti*" concentration beneath the stripe source and
between stripes varies with temperature, diffusion time and source thickness. Increasing the
source thickness does not necessarily lead to higher concentrations of Ti**. For the thickest
diffusion source and short diffusion times, it is thought that some non-fluorescent Ti is
present in the near surface region, despite the fast cool. Therefore, the distribution of Ti
following diffusion from a patterned source is a function of the source thickness, the

temperature and the diffusion time. A fast lateral diffusion will affect the spatial definition

of the diffused region.

At a temperature of 1700°C, a peak Ti** concentration of about 0.2wt% was observed

beneath a 100um marker stripe and the diffused Ti** contained within 10um of the surface.

At the lowest temperature investigated, 1480°C, Ti diffusion was observed, with a peak Ti**
concentration of the order of 0.1wt% incorporated after 8 hours. At these temperatures,

other furnaces are available, which would allow the use of larger samples and a greater range
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of ambient atmospheres. However, the diffusion characteristics of the Ti are affected by the
change to a ceramic tube furnace, with a peak Ti** concentration about an order of
magnitude lower for otherwise similar conditions. It seems that the Carbon resistance

furnace provides an atmosphere appropriate for diffusing the Ti*" jon.

Ti** may also be incorporated in sapphire by diffusion from a Ti metal film, at temperatures
above the melting point of the titanium. Some degradation of the surface quality was
observed, although this may be related to the large source thicknesses used and the presence
of a residue after the diffusion anneal. With further development, the use of a Ti metal

source may prove an attractive source for diffusion processes.

Annealing a sample of bulk doped Ti:sapphire crystal at 1950°C shows a depletion in the Ti
concentration in the near surface region on the top face of the crystal. The loss of Ti from
the surface may explain why only a fraction of the supplied Ti is detected after diffusion. On
the bottom face of the sample, no such depletion in the Ti concentration is observed. In
contrast, an increase in the Ti** fluorescence is seen, which may indicate that the high
temperature treatment has increased the proportion of Ti in the fluorescent state. If so, this
would indicate the standard Ti:sapphire crystal used to obtain the quantitative information
from the fluorescence imaging technique may contain a proportion of non-fluorescent Ti.
This would mean that the reported diffused Ti** concentrations are consistently

underestimated by a small fraction.

Therefore, a T’ doped region may be formed in a commercial sapphire wafer by thermal
diffusion from either a Ti(O) or Ti metal film at temperatures between 1480°C and 1950°C.
The proportion of Ti present as the fluorescent Ti** ion may be maximised by cooling the
sample rapidly and optimising the amount of source supplied. The depth, concentration and
spatial distribution of Ti** may be controlled by varying the temperature, diffusion time and

pattern of the source.

Locally doping the sapphire with Ti is the first stage in the realisation of the miniature
Ti:sapphire laser. Waveguides to confine and steer radiation through the gain medium will
allow the diffused Ti**:sapphire region to be exploited in the integrated optic format. The

realisation of slab and channel waveguides in the Ti-diffused sapphire is presented in

chapter 5.
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CHAPTERS

TITANIUM DIFFUSED WAVEGUIDES IN SAPPHIRE

5.1 Introduction

The realisation of a locally doped Ti**:sapphire region by thermal diffusion presents a
significant step in the realisation of a miniature Ti:sapphire waveguide laser. However, the
advantage of the localised gain medium may only be fully exploited if the pump and
fluorescence radiation is coincidentally confined in a waveguide configuration. To form a
waveguide, the sapphire refractive index needs to be increased over sufficient depth to
confine the radiation. Often in integrated optic devices, this is achieved by thermal diffusion
of an impurity into the lattice. For example, the thermal diffusion of Ti is one of the best
known methods for forming low loss waveguides in LiNbO;'. With a large range of Ti
concentrations and a broad range of diffusion depths reported in chapter 4, the formation of
optical waveguides in Ti-diffused sapphire was investigated and the results reported in this

chapter. These results represent the first realisation of diffused waveguides in sapphire.

The first section provides a review of the properties that might be expected for waveguides
formed in a diffused, graded refractive index medium. The model presented, uses the WKB
method to evaluate the effective refractive index of waveguide modes. The intention is to
provide a qualitative overview of the trends that may be expected as a function of fabrication
conditions. §5.3 describes the experimental techniques used to characterise waveguide
properties, such as the elevation of the modal effective refractive index above that of the
substrate, field intensity mode profiles and spectral attenuation in the waveguide. In §5.4,
the characteristics of a series of slab waveguides are discussed, formed by diffusion from a
continuous thin film source. Trends in the waveguide properties are observed as a function
of fabrication conditions and related to the model of waveguide properties developed.
Further quantitative analysis of the waveguide characteristics lead to a reconstruction of the
refractive index profile, which is compared to the Ti distribution, with reference to chapter 4.

An estimate of the relationship between the refractive index change and Ti concentration is
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Assuming the refractive index change for a Ti-diffused waveguide in sapphire is
proportional to the concentration of Ti, trends in the s,y will be related to trends in the
diffusion profile. In the following sections, the solutions to the diffusion equation presented

in §3.3 are used to identify the trends in r.; expected for a slab waveguide formed by

diffusion.

5.2.2 Waveguide formed from an infinite diffusion source

For an infinite diffusion source, the diffused refractive index profile, n(x), will be given by
Eqn. 5-6, where Anpeq is the peak refractive index change at the surface due to the Ti
doping, #.4 is the substrate refractive index, D is the diffusion rate, and t is the diffusion
time; 24/D¢ defines the effective diffusion depth. This relation assumes the refractive index

change is proportional to the concentration of Ti.

Egn. 5-6
. X
n(x)=An_,er c(—,_] +n,

peat €7 2Dt ”

AN

For Antpeq of 0.001 and n,,, of 1.8, the effective refractive indices of modes supported at a

wavelength of 633nm calculated for diffusion depths up to 40pm are shown in Figure 5.2.

For diffusion depths less than about 3pum, the graded index does not support a guided mode
at this wavelength. With increasing diffusion depth, the effective refractive index of the p=0
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Figure 5.2:- Effective refractive indices for waveguide modes supported by the diffused
structure, assuming a peak refractive index of 0.001
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mode increases towards the limiting value of 0.001, which is the peak surface refractive
index. Higher order modes are supported at increasing effective diffusion depths. These

trends are in good agreement with those reported by Hocker in reference 3.

5.2.3 V%’aveguide formed by diffusion from an instantaneous diffusion source

n the effective refractive index for a waveguide formed by diffusion from an
instantaneous diffusion source differ significantly. In this system, the peak Ti concentration
will decrease with diffusion time as the effective diffusion depth increases, according to

Egn. 5-7. Tis a constant, defining the area under the refractive index distribution, with units

of meter, 7,4, is the refractive index of the sapphire substrate, whilst D, # and 2+ Dt are the
diffusion rate, diffusion time and effective diffusion depth, as before. The effective
refractive index of modes supported by this structure at a wavelength of 633nm, for 7=

1.5-10%m and Nsqp=1.8 are shown in Figure 5.3.

Eqn. 5-7

n(x) = T exp| — x +n
Jz 2Dt 4Dt) 7
For shallow diffusion depths (<I1um), no waveguide is supported by the graded index region

at this wavelength. For depths greater than about 1um, a p=0 waveguide mode is supported.

The elevation of the modal effective refractive index above the substrate index (d7y)

reaches a maximum of about 0.0006, before decreasing with increasing diffusion depth.
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Figure 5.3:- Effective refractive index of waveguide modes supported by a graded
refractive index region diffused from an instantaneous source, for effective
diffusion depths up to 40um.

128



Further modes appear at diffusion depths of about 6pm, 16um and 30pum. However,
considering the elevation of the modal effective index as a fraction of the peak refractive
index change at the surface An,eq, it can be seen that these trends are a characteristic of the
decreasing peak refractive index. This feature is clearly illustrated in Figure 5.4, which
shows the effective refractive index elevation of the mode, normalised to the peak refractive
index of the graded index. Higher order modes appear at increasing diffusion depth, as

expected.

5.2.4 Summary of diffused slab waveguide characteristics

The characteristics of slab waveguides formed in a diffused graded refractive index region
have been briefly discussed. Assuming the change in refractive index is proportional to the
diffused concentration of impurity, trends in the modal effective refractive index for ideal
diffused profiles have been presented using the WKB method. In each case, waveguides are
not supported until the diffusion depth has exceeded a critical value. With increasing
diffusion depth, the effective refractive index of the mode tends towards the peak refractive

index at the surface. The number of modes supported by the diffused region increases with

effective diffusion depth.

5.3 Experimental waveguide characterisation techniques
The diffusion of Ti into sapphire has been discussed in chapter 4, for a broad range of

conditions that lead to the incorporation of Ti*" to depths of tens of microns, with a range of

1.0
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Effective diffusion depth /um

Figure 5.4:- Effective refractive index of waveguide mode normalised to the change in
peak refractive index of graded index structure as a function of effective diffusion depth.
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Egn. 5-2

In terms of refractive index, £, is given by Egn. 5-3.
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X, where the ray turns through the parallel to the surface. At these depths, k. = 0 so that
‘k(x)\ = k, and hence n(Xy) = n(Xs) = ny- The WKB method may be used to estimate the

depths X, and X, and so find ngy for a given refractive index distribution.

5.2.1 Trends in r.4 for diffused slab waveguides by the WKB method

Following the WKB method, the effective refractive index of a guided mode supported by a
known refractive index distribution may be estimated”?. Whilst this method does not lead to
exact solutions for ngg, it is attractive because solutions may be readily found using current
computational software, allowing the expected trends in waveguide properties for a diffused

graded index medium to be evaluated.

The geometry described in Figure 5.1 is maintained for the following calculations. For a
graded index region formed by diffusion, the peak refractive index change will occur at the
surface so that X,=0, and the problem reduces to locating the lower turning point, X;, since
n(X) = negy. The depth Xj, may be found by considering that the total phase shift in a
complete period of the ray model must be an integer multiple of 2. This relation is given in
£gn. 5-4, where 2@, and 2®, represent the phase shift at the boundaries presented by the

turning points X, and X, and p is an integer, defining the order of the mode.

Xy
2 [k (x)dx +20,+20, =2p7 Eqn. 5-4
¢}

To maintain simplicity, the values of 2d, and 2d, may be approximated to -n and -71/2,
respectively following reference 3. This assumption removes the distinction between TE

and TM modes, but will still allow trends in the effective refractive index to be observed as a

function of diffused index profiles.
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Assuming the refractive index change for a Ti-diffused waveguide in sapphire is
proportional to the concentration of Ti, trends in the 7. will be related to trends in the
diffusion profile. In the following sections, the solutions to the diffusion equation presented
in §3.3 are used to identify the trends in n.y expected for a slab waveguide formed by

diffusion.

5.2.2 Waveguide formed from an infinite diffusion source
For an infinite diffusion source, the diffused refractive index profile, n(x), will be given by
Egn. 5-6, where Anpeqy is the peak refractive index change at the surface due to the Ti

doping, #,,, is the substrate refractive index, D is the diffusion rate, and t is the diffusion

S o fisap 2 WL L

time; 2+/ Dt defines the effective diffusion depth. This relation assumes the refractive index

change is proportional to the concentration of Ti.

x Eqgn. 5-6

n(x)=An_, erfc( W +ny,
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For Aneq of 0.001 and 7,4, of 1.8, the effective refractive indices of modes supported at a
p »

wavelength of 633nm calculated for diffusion depths up to 40pm are shown in Figure 5.2.

For diffusion depths less than about 3um, the graded index does not support a guided mode
at this wavelength. With increasing diffusion depth, the effective refractive index of the p=0
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Figure 5.2:- Effective refractive indices for waveguide modes supported by the diffused
structure, assuming a peak refractive index of 0.001
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concentrations. The diffused regions of many samples were investigated for optical

waveguides, leading to the demonstration of both slab and channel waveguides in sapphire

for the first time.

The experimental techniques used to characterise the waveguides are outlined in this section.
The methods allowed the evaluation of Aney, the difference between the effective refractive
index of a waveguide mode and that of the substrate, waveguide intensity profiles and

spectral attenuation characteristics.

5.3.1 Determination of difference between modal effective index and substrate
index

Excitation of waveguide modes by phase matched prism coupling is a well-established
technique and enables the determination of the modal effective refractive index??. However,
for early waveguides fabricated by thermal diffusion, the effective refractive index of the
modes was close to the substrate refractive index, and experimental errors often led to the
evaluation of modal indices less than that of the sapphire host. This is not possible for a
guided mode, and so a method was developed which measures the difference between the

waveguide effective refractive index and the substrate refractive index to be measured, Anp

5.3.1.1 Experimental method
The experimental configuration is shown schematically in Figure 5.5. Radiation from a He-
Ne laser is incident on the oblique face of a rutile prism, having passed through a series of

apertures and polarisation controlling components. The rutile prism is clamped to the

x20 Clamp

Microscope
objective

Camera
control

Dlgl{sed Waveplate
image
Figure 5.5:- Experimental configuration for excitation of waveguide by
prism coupling and determination of Ane
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titanium diffused surface of a sapphire sample, separated by a thin film of index matching
fluid (n = 1.72 < n4,,). Precision positioning components ensured the point of closest contact
between the prism and sample was coincident with the axis of a motorised rotation stage and
the incident radiation. The rotation stage could be adjusted in small increments to enable
coupling of radiation into the waveguide and with further movement, refraction of radiation

into the sapphire substrate. The spatial distribution of radiation emerging from the
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endface of the sample was imaged on to a vidicon camera (Hamamatsu C1000-02) which

was interfaced with software for image scanning and data collection.

The effective refractive index of the waveguide mode was calculated from the incident angle
at which the peak power was coupled into the waveguide mode. The substrate refractive
index was evaluated under the same experimental constraints by considering the progression
of the refracted radiation through the substrate once the conditions for phase-matched

waveguide excitation were surpassed.

5.3.1.2  Evaluation of waveguide effective refractive index

Excitation of the waveguide occurs when the evanescent field extending beneath the rutile
prism at the point of a total internal reflection, overlaps the waveguide region and its
propagation constant matches that of a mode supported by the waveguide. For an incident
plane wave the phase- matched condition would be satisfied by a discrete angle of incidence.
However, radiation from the He-Ne laser has a characteristic Gaussian wavefront and power
may be coupled into the waveguide over a range of angles, limited by the divergence of the
incident radiation. This is illustrated in Figure 5.6, for coupling into a TE; waveguide mode
supported in the diffused region of S128. The effective refractive index is calculated from
the incident launch angle using Egn. 5-8, which relates the external angle of incidence to the
phase matching conditions, assuming Snell’s law of refraction at the prism boundary. n, is
the refractive index of the prism, 6, is the external angle of incidence, o the base angle of the

prism, as marked in Figure 5.5. The modal effective refractive index is taken as the point of

peak coupled power and may be identified to within 5.107.

: .| sind,
Ry =H, -sm{arcsm[ Sl: ’]+a} Eqn. 5-8

P
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Figure 5.6:- Power coupled into waveguide as a function of incident angle and equivalent
effective index. The data was obtained during investigation of the diffused region of S128.

For a double or multiple moded waveguide, the resolution of each mode will be limited by
the divergence of the illuminating radiation. Under the experimental conditions used, the
coupled power is typically close to a Gaussian distribution with a full width at half
maximum of 6-10™ in the effective index domain. Modes separated by less than this are hard

to resolve independently and the uncertainty in the location of the peak coupled power

increases to about 1-10°,

5.3.1.3 Evaluation of substrate refractive index

Once conditions for total internal reflection at the base of the prism are surpassed, radiation
is refracted through the gap between the prism and sample, through the waveguide region
and into the sapphire substrate. The rate of movement of the radiation through the depth, d,
of the substrate (at the polished endface) as a function of incident angle will depend on the

refractive index of the substrate, following Egn. 5-9.

/d2 + 12 ) ] Sin 9 Eqn 5"9
=————"n,, - sin| arcsin| N1

n =
sap / 2
R
4

The substrate refractive index may be determined from a series of measurements, as shown

inF g Egn. 5-9, to solve for ny,, and [, the

11y

distance between the coupling spot and the polished end face. Good agreement is seen

igure 5.7. The experimental data is modeled usin
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Figure 5.7:- Example of refraction of light into the substrate as a function of incident
angle. The data illustrated was obtained during the investigation of TEy modes in §128.

between the experimental and theoretical curve considering depths greater than about 70pum.
At lesser depths, only a fraction of the incident beam is refracted into the substrate (a
proportion related to the divergence of the incident beam). By this technique, the refractive
index of the sapphire may be obtained under comparable experimental constraints to those

under which the effective refractive index of the waveguide mode was obtained, with an

uncertainty of about 1-10™.

53.14 Summary
In summary, an experimental technique has been outlined that enables the difference
between the effective refractive index of a waveguide mode and the substrate refractive

index to be measured under similar experimental conditions. This allows small differences

in Anyto be measured.

5.3.2 Characterisation of waveguide mode profiles

Evaluating mode intensity profiles at one or more wavelengths yields significant information
on the character of the waveguide. At a single wavelength, a spatial mode profile may be
interpreted in terms of refractive index profile if the modal effective refractive index is
known. At arange of wavelengths, a decrease in confinement may be observed as the
waveguide approaches cut-off. For a waveguide laser, tightly confined waveguide modes,

with a good overlap will lead to lower pump power thresholds.

133



5.3.2.1 Experimental method for characterising waveguide mode profiles

The experimental configuration is similar to that shown in Figure 5.5, with waveguides
typically excited by phase-matched prism coupling. The modal intensity distribution
emerging from the excited waveguide is imaged onto the vidicon camera, which is later
calibrated for the magnification used. For slab waveguides, the mode intensity profile is
recorded in the depth direction using a line scan function. For channel waveguides, an are
function enabled characterisation of the waveguide in both breadth and depth. In each case,
the image plane and surface location was obtained by prior illumination of the waveguide
end face with a white light source. Waveguides were characterised at wavelengths of

633nm, 488nm and 750-800nm using He-Ne, argon-ion and Ti:sapphire lasers respectively

as radiation sources.

An example of an intensity mode profile obtained for a 7um channel waveguide on S165 at
2=488nm is shown in Figure 5.8. The uncertainty in the location of the sample surface is
+2um, and the origin of the scale in the breadth direction has been centered with respect to
the symmetry of the mode. In this work, the mode size is defined as the full width at 1/e of

the peak intensity. For the waveguide mode illustrated, the mode depth and breadth would

be approximately 6um and 13pm respectively.

Width /lum
-10 -5 0 5 10
0 i PE ) i
D i
Iepth 5.
pm -
1.0
Normalised N
intensity ~~ { Breadth
] Depth
0»0 T ¥ i 1 l T 1 i3 l/l ¥ ¥ L | l 1 1 T £
-10 -5 0 5 10

Mode extent /um
Figure 5.8:- (a) Example of contour plot showing mode intensity profile for a channel

waveguide. (b) Sections through the contour plot to show the intensity profile in the depth and
width dimensions. The data shown is for the 7um channel waveguide on S165 at A=488nm.
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5.3.3 Spectral attenuation in waveguides

Spectral changes in waveguide throughput allows a detailed assessment of the waveguide
confinement and material characteristics over the wavelength range of interest. For example,
the waveguide cut-off would be marked by a rapid increase in loss, as the light is scattered

into substrate radiation modes. For the Ti-diffused waveguides, a broad absorption in the

characteristic of Ti**-Ti*" pairs. Away from known absorption wavelengths, an estimate of

the combined waveguide propagation and waveguide insertion loss may be obtained.

A schematic of the experiment configuration is shown in Figure 5.9. To achieve optimum
waveguide coupling efficiency and alignment of the optical components, radiation from a
He-Ne laser is launched into a fibre and aligned with the waveguide under investigation.
The waveguide output is collected with a x10 microscope objective and focussed at the
entrance slit of a monochromator. Prior to the monochromator, the radiation passes through
a Glan-Thompson polariser, to enable independent evaluation of TE and TM modal
properties. During the alignment phase, the monochromator is set to transmit at 633nm and

a silicon detector is aligned immediately behind the exit slit.

To carry out the spectral attenuation measurement, the He-Ne radiation source is replaced
with a high power, 1000W tungsten lamp. The fibre delivery system facilitates this change

and ensures neither the optical alignment nor waveguide coupling is disturbed. The broad

Microscope

Glan- Onge1c3|ve
Thompson
Polariser Waveguide He-Ne
/- A=633nm
Mono-
ili h t
Dseltlg::gr chromator - Fibre transferable
*, between sources
Microscope *, 1000 W
Objective T Tungsten
Data Collection x10 Lamp
and Monochromator
Control Lens
f~15cm
Lock-in Mechanical
Amplifier Chopper

Figure 5.9:- Experimental configuration used for measuring the spectral
attenuation in a waveguide.
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band radiation from the white light source is focussed into the fibre, having passed through a
mechanical chopper. The chopper enables good signal-to-noise ratio to be achieved using
lock-in amplification of the signal from the silicon detector. Both the monochromator

grating movement and the data collection are controlled remotely using PC software.

Using the configuration described, spectral measurements may be obtained over the
wavelength range 450nm to 1050nm. The upper limit is defined by the spectral response of
the silicon detector and the lower limit by a combination of reduced output from the tungsten
lamp and reduced sensitivity of the detector. Within this wavelength range, two gratings are
available for use in the monochromator. One is blazed at 600 lines/mm and is more efficient
for wavelengths less than about 650nm compared to the second that is blazed at 1000
lines/mm. For each configuration and each polarisation, the data is corrected for the system

response by comparison with the spectrum obtained without the waveguide in place.

An example of the spectral attenuation characteristics measured by this experimental
technique is presented in Figure 5.10. The data shown was obtained in the TM polarisation
for a channel waveguide diffused from a 7pm stripe on sample S167. The break in the data
at around 650nm is due to the change in grating and the small offset in the attenuation is
characteristic of the error in the measurement. The data also illustrates some of the

waveguide features that may be identified in such a measurement. For example, the increase
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Figure 5.10:- Example of spectral attenuation measured for a Ti-diffused channel
waveguide over the wavelength range 450-1000nm. The data illustrated was

obtained for a 7um channel waveguide in S167 in the TM polarisation.
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in attenuation in the blue-green is characteristic of an absorption of the Ti** ion, and the
rising losses in the near infra-red show the waveguide tending towards cut off. The
minimum waveguide insertion and propagation loss is about 6dB, assuming there is no

material absorption over the wavelength range 600-650nm.

In summary, a technique for measuring the waveguide transmission over the wavelength
range 450 to 1000nm has been described. The results are corrected for system response and

enable features such as absorption and waveguide cut off to be observed.

534 Summary of experimental methods for waveguide characterisation

A series of experimental techniques have been outlined which allow the characterisation of
waveguides using readily available optical components and laboratory equipment. Using
prism excitation of the waveguides, the effective refractive index of the mode may be
obtained relative to the refractive index of the substrate. Mode intensity profiles are
forthcoming by imaging the waveguide output onto a camera interfaced with image scanning
and recording software. Spectral attenuation of waveguides allows characterisation of

material absorption and waveguide losses over wavelengths in the visible and near infra-red

regions.

54  Ti-diffused slab waveguides in sapphire
The formation of slab waveguides in the Ti-diffused region of a sapphire substrate has been
investigated. The number of waveguide modes, the modal intensity profile and the relative

elevation of the modal effective refractive index, 4w,y were investigated for the following

series of samples;

e Diffused at 1950°C from a 27nm continuous thin film source
e Diffused at 1950°C from a 41nm continuous thin film source
e Diffused at 1750°C from a 27nm continuous thin film source
The characteristics of the diffused Ti and Ti’* concentrations were discussed for the same

samples in chapter 4.

These results comprise the first realisation of waveguides in sapphire by thermal diffusion of

an impurity, to the best of my knowledge
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54.1 Slab waveguides formed by diffusion at 1950°C from a 27nm source

At a wavelength of 633nm, TE; and TM, waveguide modes were excited by prism coupling
in a series of Ti-diffused sapphire samples. The samples, S128, S125 and S124 were
fabricated by diffusion at 1950°C from a 27nm continuous thin film source over times of 0-2,
1 and 3.5 hrs respectively. An additional sample S53, diffused for a longer period of 8

igated, but no waveguide confinement was observed.

Figure 5.11 shows the measured difference in modal effective refractive index between the
waveguide mode and substrate refractive index (4#,p), obtained using the prism coupling
technique described earlier. The greatest effective refractive index difference at 2.4x10* is
observed for the shortest diffusion time of 0.2 hrs and with increasing diffusion time, the
effective refractive index decreases. After an 8 hour diffusion, a waveguide mode may not
be excited in the diffused region by prism coupling. Whilst the errors bars are significant in
magnitude, the effective refractive index of the TM mode is consistently less than that of the
corresponding TE mode. This trend would be expected if the diffusion of Ti causes no

additional birefringence in the refractive index.

an o Ing

The trend of decreasing effective refractive index with diffusion time is consistent with the
model described in §5.2.3 for waveguides formed by diffusion from an instantaneously

depleted diffusion source. Under these conditions, the peak refractive index decreases as the

diffusion depth increases.
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Figure 5.11:- Elevation of effective refractive indices of waveguide modes above the
substrate index, following diffusion at 1950 C with a 27nm thick diffusion source.

S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} S125 {Slow heat, slow cool, 27nm, 1hr, 1950 C}
S124 {Slow heat, slow cool, 27nm, 3.7hrs, 1950 C} S53 {Slow heat, slow cool, 25nm, 8hrs, 1950 T} 138
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Figure 5.12:- Intensity profiles recorded for waveguide modes supported following
diffusion from a 27nm thick source at 1950 °C for times between 0.2-3.7 hrs.
The modal intensity distribution in the depth direction for each of the TEq modes in S128,
S125 and S124 are illustrated in Figure 5.12. With increasing diffusion time, the modal

width, defined as the full width at 1/e of the peak intensity, increases from about 9 to 14um.

In summary, single mode slab waveguides are formed at a wavelength of 633nm following
diffusion at 1950°C for times of 0.2, 1 and 3.7 hours from a 27nm source. With increasing
diffusion time, the effective refractive indices of the waveguide modes decrease and the
mode size increases. The effective refractive index of the TM mode appears consistently

less than that of the TE mode.

5.4.2 Characteristics of slab waveguides diffused from a 41nm source at 1950°C
Multi-mode slab waveguides were excited in the Ti-diffused region of samples S134 and
S130, fabricated by diffusion from a 41nm source at a temperature of 1950°C for times of 1
and 2 hours respectively. Samples S131 and S133, diffused for longer periods of 3.7 and 8
hours were also investigated for waveguide properties. For S133, there was no evidence of a
waveguide at 633nm, and for S131, the observations were inconclusive, with weak, multi-

mode guidance observed on a single occasion.

Figure 5.13 shows the elevation of the effective refractive indices for waveguide modes
supported in S134 and S130. The individual waveguide modes were distinct for the shorter

diffusion time, of 1 hour. Following a 2 hour diffusion, the effective refractive indices of

S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} S125 {Slow heat, slow cool, 27nm, 1hr, 1950 °C}
S124 {Slow heat, slow cool, 27nm, 3.7hrs, 1950 °C} S53 {Slow heat, slow cool, 25nm, 8hrs, 1950 °C} 139
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Figure 5.13:- Elevation of effective refractive indices of waveguide modes above the
substrate index, following diffusion at 1950 °C from a 41nm thick diffusion source

three supported modes are within 4-10™* of the substrate refractive index. The effective
indices of the individual modes could not be distinguished by this technique and the presence

of three modes was inferred from the waveguide intensity profiles observed for S130, and

shown in Figure 5.14.

Figure 5.14 shows an example of the TM, mode and the linear combination of higher order
modes observed for waveguides supported by the diffused region of S130, excited by prism

coupling. The intensity profiles extend to depths greater than 20um beneath the surface of
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Figure 5.14:- Normalised mode intensity distributions in the TMy and
TM; modes supported by S130.

S134 {Slow heat, slow cool, 41nm, 1hr, 1950°C}  SI130 {Slow heat, slow cool, 41nm, 2hrs, 1950 C}
S131 {Slow heat, slow cool, 41nm, 3.7hrs, 1950 °C} S133 {Slow heat, slow cool, 41nm, 8hrs, 1950 C} 140



the substrate. The form of the TMy mode is as expected with the radiation confined to a
central region in the waveguide with the radiation decaying into the superstrate and the
substrate. With continued rotation of the prism coupling apparatus, the mode profile
develops minima at approximately 10 and 20pum depths. The occurrence of the minima is
consistent with the intensity profile resulting from the linear combination of TMg, TM; and

TM, modes.

In summary, the diffused regions of S134 and S130 are able to support multi-mode
waveguides at A=633nm. The effective refractive indices of the modes are within 5- 107 of
the substrate refractive index. The modes supported by S134 could be independently
characterised, whereas the modes supported by S130 could not be separated by the prism
coupling technique. The presence of three modes in the waveguide supported in S130 was

inferred from the intensity profiles obtained.

5.4.3 Characteristics of slab waveguides diffused from a 27nm source at 1750°C
Single and dual order slab waveguides were excited at a wavelength of 633nm in the Ti-
diffused region of the series of samples S153, S154, S155. The samples were fabricated by
diffusion from a 27nm continuous thin film diffusion source at a temperature of 1750+30°C
for times of 1,2 and 3.5 hours respectively. For sample S156, diffused for a longer period of
8 hours, there was no evidence of a waveguide in the diffused region. The distribution of

. 34 . .
diffused Ti** has been discussed for these samples in chapter 4.

Figure 5.15 shows the elevation of the effective refractive indices measured for the
waveguides excited in the Ti-diffused regions of S153, S154 and S155 in the TM
polarisation. For the shortest diffusion time, the waveguide supports a single mode. For the
longer diffusion times of 2 and 3.5 hrs, a second waveguide mode is supported. After 8
hours, no waveguide is observed by prism coupling, indicated by a zero value of An.g. The
measured values of An,zindicate that the effective index of the fundamental mode is
decreasing with diffusion time, and that the index of the first order mode approaches that of
the fundamental mode. This trend is consistent with that described in §5.2 for waveguides

formed by diffusion from a source that is rapidly depleted.

S134 {Slow heat, slow cool, 41nm, Lhr, 1950°C} 8130 {Slow heat, slow cool, 41nm, 2hrs, 1950 °C}
S131 {Slow heat, slow cool, 41nm, 3.7hrs, 1950 C} S133 {Slow heat, slow cool, 41nm, Shrs, 1950 °C} 141
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Figure 5.15:- Elevation of effective refractive index of waveguide modes above the
substrate index following diffusion at 1750 °C with a 27nm thick diffusion source.

For S154 and S155, the measured effective refractive index of the first order modes appears
to be less than that of the substrate refractive index. The error in the measurement has been
previously discussed and the uncertainty does overlap the region of positive effective

refractive index. The error bars indicate that the An.y for the first order modes of S154 and

5 4

ol g~

S155 are less than 4-107 and 1.1-10™ respectively.

The intensity mode profiles obtained for conditions of maximum coupled power into the

waveguide are illustrated in Figure 5.16. The single mode character of S153 is clear. The
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S153 {Slow heat, slow cool, 27nm, 1hr, 1750°C}  S154 {Slow heat, slow cool, 27nm, 2hrs, 1750 °C}
8155 {Slow heat, slow cool, 27nm, 3.5hrs, 1750 °C} S156 {Slow heat, slow cool, 27nm, 8hrs, 1750 C} 142



intensity decays rapidly at the step index change at the substrate surface and decays more
slowly in the diffused graded index region. The image will be affected by the limited

resolution of the imaging system, which will be similar to that discussed in §4.3.2 for the

fluorescence imaging technique.

For the dual order waveguides supported in S154 and S155, a linear combination of the TM,
and TM; modes is observed, when the maximum power is coupled into the waveguide. The

intensity distributions extend to depths greater than 15um, with minima at depths of about 10
and 12um respectively. The fields are not observed to decrease to zero at extended depths as

a proportion of the incident radiation (due to divergence) is refracted into the substrate.

In summary, single and dual slab waveguides are observed in the TM polarisation following
diffusion from a 27nm source at temperature of 1750°C, for times between 1 and 3.5 hours.
A single mode waveguide was formed after a 1 hour diffusion, dual mode waveguides were
observed for 2 and 3.5 hour diffusions, whilst no waveguide mode was supported following
an 8 hour diffusion. The effective refractive index of the zeroth order mode decreases with

diffusion time, whilst that of the first order mode increases.

5.4.4 Summary of slab waveguide characteristics

Slab waveguides have been realised in Ti-diffused regions of a sapphire substrate, at a
wavelength of 633nm. Single mode waveguides were formed following diffusion from a
27nm source for times of 0.2, 1 and 3.7hrs at a temperature of 1950°C, and for 1 hour at
1750°C. Multi-mode waveguides were supported by regions diffused from a 27nm source
for times of 2 and 3.5 hours at 1750°C and regions diffused from a 41nm source for times of

1 and 2 hours at 1950°C. Waveguides were not observed following diffusion for times of 8

hours at 1750°C or 1950°C, with either a 27nm or 41nm source.

These results indicate that waveguides may be formed in a Ti-diffused sapphire substrate at a
wavelength of 633nm and that properties of the waveguide vary with diffusion conditions.
For the design of further waveguide devices, the refractive index change due to the Ti-

doping needs to be evaluated, in addition to developing a complete model of the transport

process.

S153 {Slow heat, slow cool, 27nm, 1hr, 1750°C}  S154 {Slow heat, slow cool, 27nm, 2hrs, 1750 )
S155 {Slow heat, slow cool, 27nm, 3.5hrs, 1750 °C} S156 {Slow heat, slow cool, 27nm, 8hrs, 1750 C} 143



5.5 Refractive index change due to Ti-doping
An estimate of the refractive index change due to Ti-doping of sapphire may be obtained by

comparing the measured waveguide characteristics to the known Ti concentration. Two

approaches to this are considered in this section.

The first approach considers the waveguide properties measured for S128, S125 and S124.
For these samples, the waveguide modal effective refractive indices and intensity
distributions have been measured. These properties are related to the refractive index profile
following Egn. 5-2 and Egn. 5-3 presented earlier in the chapter. The peak refractive index

may be compared to the total-Ti concentration measured by SIMS within 2um of the surface

(see §4.5.4).

The second approach to estimating the relation between refractive index change and Ti
concentration uses the data gathered for S130. As discussed in chapter 4, a series of SIMS
measurements were carried out on a bevel polished through the diffused region, to
characterise the total Ti distribution as a function of depth. Assuming the refractive index
change is proportional to the measured Ti distribution, a model describing the waveguide
characteristics may be established. Comparing the modeled waveguide characteristics to the
measured characteristics allows the refractive index change with Ti concentration to be
estimated.

For the samples discussed, it is known that both fluorescent and non-fluorescent phases of Ti

have been incorporated into the sapphire during the diffusion process. These calculations
assume that the diffused Ti concentration contributes equally to the refractive index change.

Therefore, these estimates should be treated with caution, until further experimental data

becomes available.

5.5.1 Reconstruction of the diffused refractive index profile
The refractive index profile that supports the series of single mode waveguides formed in
samples S128, S125 and S124 may be reconstructed® from the intensity mode profiles shown

in Figure 5.12 and the effective refractive index data presented in Figure 5.11. These are

related by Eqn. 5-10, which combines Egn. s 5-2 and 5-3.

2
%ﬁ’c) =k, [neﬂ2 —(An(x) +n,,)’ ]E(x) Egn. 5-10

S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} S125 {Slow heat, slow cool, 27nm, 1 hr, 1950 C}
S124 {Slow heat, slow cool, 27nm, 3.5hrs, 1950 C} S130 {Slow heat, slow cool, 41nm, 2hrs, 1950 C} 144



E(x) is given by the square root of the normalised intensity mode profiles, ky is the wave
vector for propagation in a vacuum, #4is the modal effective refractive index, 7y, is the
substrate refractive index and An(x) is the change in refractive index due to the Tias a

function of depth.

Prior to the index reconstruction, the raw data recorded for the intensity mode profiles
required smoothing to remove high spatial frequencies, which otherwise erroneously
dominate the differentiated signal. The smoothing was carried out in the frequency domain
of E(x), using a Gaussian function to selectively remove high spatial frequencies. The filter
was adjusted to ensure the peak field was maintained at greater than 98% of the measured

value; however this procedure has not yet been optimised.

Figure 5.17 shows reconstructed refractive index profiles for samples S128, S125 and S124,
using the effective refractive indices and measured intensity mode profiles presented in
Figure 5.11 and Figure 5.12 respectively. The periodic fluctuations are an artifact of the
filter used to smooth the raw data. The location of the peak refractive index is at a finite
distance beneath the surface. This is most likely due to the limited resolution of the imaging

system and the Gaussian filtering of the raw data, although it is also possible that the

location of a peak beneath the surface is a feature of the transport process.
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Figure 5.17:- Computed refractive index profiles obtained for the series of single
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S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} S125 {Slow heat, slow cool, 27nm, 1hr, 1950°C}
S124 {Slow heat, slow cool, 27nm, 3.5hrs, 1950 °C} S130 {Slow heat, slow cool, 41nm, 2hrs, 1950 C} 145



The depth of the refractive index profiles, defined as 1/e of the peak index are approximately
5,7 and 9um for S128, S125 and S124 respectively. The increasing depth and decreasing
peak refractive index change would be consistent with diffusion from a finite diffusion

source which is depleted during the anneal time.

By comparison with the surface Ti concentrations measured for S128 and S125, the
relationship between Ti content and refractive index change may be estimated. As illustrated
in Figure 5.18, peak refractive index changes of approximately 7- 10 and 4-10™* are observed
for Ti concentrations of, (referring to §4.5.4) 0.35£0.03wt% and 0.16+0.03wt% respectively.
This corresponds to a refractive index change of (2.3 = 0.6)-1 07 per wt% Tiy03 in ALOs.

In summary, the refractive index profiles have been reconstructed for S128, S125 and S124,
based on the mode intensity distributions of the TE, modes supported by the graded index
region. The peak refractive index was observed to decrease and the depth of the profile
increase, for increasing diffusion time. Assuming the refractive index change is directly

proportional to the titanium concentration, the increase in index per wt% TizO3 in Al,O5 is

(2.3 +0.6)-107.
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Figure 5.18:- Calculated peak refractive index change as a function of average
measured Ti concentration within 2um of the surface, for S128 and S125

S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} 8125 {Slow heat, slow cool, 27nm, 1hr, 1950°C)
5124 {Slow heat, slow cool, 27nm, 3.5hrs, 1950 °C} S130 {Slow heat, slow cool, 41nm, 2hrs, 1950 °C) 146



5.5.2 Diffused Ti distribution and waveguide properties of S130

The distribution of total Ti diffused into S130 has been measured by SIMS and discussed in
chapter 4. Therefore, assuming the refractive index change is proportional to the Ti
concentration, the refractive index of the waveguide region in S130 is given by Egn. 5-11,

where Anpeq is the peak refractive index change due to 0.1wt% Ti»03 in ALO3 and 7,4, is the

refractive index of the undoped sapphire substrate.

Anpeak
" 1+exp|-26-104(22-107° —x)

The effective refractive index of waveguide modes supported by this graded index region

n(x) Egn. 5-11

sap

J-+n

may be solved for a range of Anpear, using the WKB method as before. However, a transfer
matrix method’ was used to determine the effective refractive indices, which was carried out

by G R Quigley (ORC Southampton). The method involves the approximation of the graded
index structure into a series of step index layers (50 in this case) and solving for the electric
field at each of the boundaries. For a peak refractive index, Anpear, in the range 0-10-1 0'4, the
effective refractive index of each supported waveguide mode was calculated and the results

are shown in Figure 5.19.
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Figure 5.19:- Elevation of the effective refractive index of waveguide modes
supported by the graded index region described by Eqn. 5-11 for a range of peak
refractive indices, Anpeak

S128 {Slow heat, slow cool, 27nm, 0.2hr, 1950°C} SI125 {Slow heat, slow cool, 27nm, 1hr, 1950 C}
8124 {Slow heat, slow cool, 27nm, 3.5hrs, 1950°C} S130 {Slow heat, slow cool, 41nm, 2hrs, 1950 C} 147



The results show that as Anp,, increases, the number of waveguide modes that may be
supported by the graded index region increases. S130 was observed to support three guided
modes, which would correspond to a peak refractive index change between 3 and 5 107
The graph also shows that the effective refractive indices of the three modes would be less
than 4-10. This is in good agreement with the measured effective refractive indices of the

orted by S130 (see Figure 5.13).

Figure 5.19 indicates that for Anpeq; = 4- 107 , the elevation of the modal effective refractive
indices would be, 3-10%, 2.10* and 0.4-10™ for the TM,, TM; and TM, modes respectively.
The electric field profiles for these modes and the intensity distribution for a linear
combination of the fields is illustrated in Figure 5.20. The combined intensity profile

compares favorably with the measured profile, which was presented in Figure 5.14.

Therefore, the properties of a waveguide supported by a graded refractive index distribution
proportional to the total Ti distribution, with Arpeq = (4i1)-1041 compare well to those
measured for S130. This would lead to an estimate of the refractive index change per wt%
Ti,0; in Al,Os of (4+1)-10°. This figure is somewhat higher than that of (2.3 +0.6) -10
estimated in the previous section. However this discrepancy may be due to the filtering used

to smooth the data in the first technique and the limited resolution of the imaging technique.
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Figure 5.20:- Computed waveguide intensity profiles for TMy, TM; and TM;

modes and the intensity distribution of the linear combination of modes. The
fields were computed for the refractive index profile given in Eqn. 5-11.
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5.6 Ti-diffused channel waveguides in sapphire

The potential for forming channel waveguides in samples diffused from a patterned source
was investigated. As discussed in chapter 4, the Ti** distribution in these samples is far from
ideal as a fast lateral diffusion occurs from the stripe source. However, the peak Ti**
concentration is higher immediately beneath the stripes compared to between the stripe
sources so that a lateral refractive index gradient will occur. Therefore for appropriate

fabrication conditions, channel waveguides may be formed.

A series of samples were fabricated in the temperature range 1480°C to 1950°C for times up
to 8 hours and with source thickness between 27 and 270nm. The characteristics of the
waveguide were qualitatively investigated using prism coupling at a wavelength of 633nm.
Those that exhibited some lateral confinement were selected for further characterisation by

spectral attenuation measurements and mode intensity profiling at prospective pump and

lasing wavelengths.

5.6.1 Qualitative summary of channel waveguide characteristics

In brief, the following trends in the waveguide properties were observed as a function of
fabrication conditions. At each temperature investigated (1480°C, 1700°C, 1750°C,
1950°C), channel waveguides with varying degree of lateral confinement could be formed.
At the highest temperatures the lateral confinement diminishes rapidly with diffusion time
and the waveguide tends towards that of a slab waveguide. This process is accelerated with
a lesser diffusion source. In a similar manner to the slab waveguides reported earlier, the
waveguides properties are lost if the diffusion time is too great for a given source thickness.
At the lowest temperature of 1480°C, well-confined channel waveguides were formed after
an 8 hour diffusion, with cut off at wavelengths just beyond 633nm. For shorter diffusion

times, the diffusion was insufficiently advanced to support a channel waveguide.

Therefore at each temperature investigated, a limited fabrication window (defined in terms
of diffusion time and source thickness), exists for which well confined channel waveguides
may be formed. The characteristics of waveguides on S165 and S169 are discussed in
greater detail in the following sections. A 3pm channel waveguide on S169 was later

selected for the realisation of a channel waveguide laser.
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5.6.2 Channel waveguides by diffusion at 1750°C from a 114nm source

The diffused Ti** distribution of S165, described in chapter 4 is able to support a series of
waveguides in the Ti doped regions. This sample was diffused for 1 hour at 1750°C from a
114nm patterned diffusion source. The peak Ti®* concentration beneath the 16pum stripe is
just under 0.5wt%, decreasing to about 0.2wt% for the 3pm stripe. Between each stripe TP"
was observed at concentrations decreasing from 0.3 to 0.1wt%. In all regions, the diffusion
depth of Ti** perpendicular to the surface is less than 10pm. The properties of waveguides

supported by this structure were investigated at wavelengths in the visible and near infra-red.

An example of the waveguide modes supported by the structure diffused from the 11um
stripe at a wavelength of 488nm is shown in Figure 5.21. A well-confined TMg mode may
be excited by prism coupling, centered in the highest index region. As the incident angle is
adjusted, waveguide modes with a lower effective refractive index are excited and the mode
is observed to extend further into the titanium-rich region between the original stripe
sources. For the broader stripes, where the measured Ti** concentration increases both
between and beneath the stripes, the lateral mode structure becomes more complex. These
results confirm the earlier observation of significant lateral spread of titanium from the stripe

sources.
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Figure 5.21:- (a), (b) and (c) Contour plots of waveguide intensity
mode profiles excited by prism coupling in the region beneath the

11um stripe on S165 at a wavelength of 488nm. The effective
refractive indices of the modes decrease from (a) to (c).
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In the near infra-red at a wavelength of 800nm, the complex lateral structure is not observed
for the 11um stripe and a single TEq and TMyo may be excited by prism coupling. The
mode size (defined as 1/e of the peak intensity) in the depth direction measured as a function
of stripe width is shown in Figure 5.22. At this wavelength, the mode sizes of waveguides
diffused from the narrower stripe widths are seen to extend further into the substrate and
become cut-off. Also shown in Figure 5.22, are the TMo mode depths measured at a
wavelength of 488nm, as a function of stripe width. As expected, the mode size (in the
depth direction) is smaller at the shorter wavelength. These observations of changing
waveguide properties with stripe width are consistent with the earlier observation

(Figure 4.25) that the diffused peak Ti** concentration decreases with stripe width, leading to

a lower peak refractive index.

Losses in the waveguides were investigated over wavelengths in the visible and near infra-
red, using the spectral attenuation technique described in §5.3.3, and the results are
illustrated in Figure 5.23. The attenuation will include coupling losses, propagation losses
and absorption losses; the sample length is 5.5mm. The high losses at wavelengths less than
600nm correspond to the Ti*" absorption. Consistent with the previous measurements of
lower peak Ti’* concentrations, the narrower channels also exhibit lower absorption at
wavelengths in the blue-green. For the 11pm channel waveguide, the peak absorption is

aproximately16dB, which would correspond to an average modal Ti** concentration of just
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Figure 5.22:- Waveguide mode size in the depth direction, as a
function of stripe width for S165.
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Figure 5.23:- Spectral attenuation in channel waveguides on S163.

under 0.3wt%. Again, this is consistent with the fluorescence imaging results presented in

Figure 4.25.

At a wavelength of 600nm, a minimum loss of about 8dB is measured for each channel. The
high losses at a wavelength of 800nm for the 3um and 7um channel waveguides indicate
they are poorly confined at this wavelength, and are approaching cut off. This observation is
consistent with the intensity mode size shown in Figure 5.22 for the 7um channel
waveguide. The channel waveguide diffused from the broader stripe sources cut-off at

longer wavelengths.

The small increase in loss around a wavelength of 750nm is of interest, as this would affect
the performance of a channel waveguide laser. A broad absorption these wavelengths would
be consistent with the presence of Ti**-Ti*" pairs in the lattice. From the results shown, it is
inconclusive whether this is an artifact of the experimental technique, due to changes in

propagation loss, or due to an absorption in the waveguide.

Comparing the waveguide properties at a wavelength of 488nm and 800nm, it seems that the
broader stripes on this sample may be suitable for laser experiments. These waveguides are
single mode at the peak of the Ti*" gain band (A=800nm), although are fairly close to cut off.
At the pump wavelength, the fundamental mode may be independently excited, although in
the lateral direction, higher order modes can exist. Based on these observations, a further
sample was fabricated, using a thicker diffusion source, with the aim of increasing the peak

refractive index of the diffused region

8165 {Slow heat, rapid cool, P114nm, 1hr, 1750 C}
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Figure 5.24:- Spectral attenuation for TM polarisation in 3um channel
waveguides on S165 and S169.

5.6.3 3um channel waveguides by diffusion at 1760°C from a 270nm source
S169 was diffused with a 270nm source, for a time of 1 hour at 1700°C. The aim in the
fabrication of this sample was to produce a channel waveguide with a more tightly confined

intensity mode profile and a cut-off further in the infra-red, compared with S165.

Figure 5.24 shows the spectral attenuation measured in a 3um channel waveguide formed on
S169, in comparison with the attenuation measured for a similar channel in S165. The
spectral attenuation measurement indicates that the cut-off wavelength has been extended to
beyond 1000nm for the 3pum channel waveguide in S169. With this result, a 3um channel

waveguide on S169 was investigated in a laser configuration; these results are discussed in

chapter 6.

5.7 Conclusions

Waveguides in the Ti-diffused region of a sapphire substrate have been realised for the first
time. Characteristics of the waveguides, such as the effective refractive index, the mode
intensity profile and the spectral attenuation have been presented. These have led to
estimates of the relation between Ti concentration and refractive index change and the

selection of a channel waveguide for subsequent laser experiments.

Trends in the properties of waveguides formed in an ideal diffused graded index region were

investigated using the WKB method to determine the modal effective refractive index. As
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surface refractive index with increasing diffusion time. However, for an instantaneous
diffusion source, the decreasing peak refractive index can lead to an overall decrease in

modal effective index with increasing diffusion time.

The characteristics of slab waveguides formed following diffusion from a continuous film
diffusion source 27nm and 41nm thick, at temperatures of 1750°C and 1950°C were
investigated. Single mode and multimode waveguides were observed at a wavelength of
633nm for the shorter diffusion times. Trends in the effective refractive indices of these
modes were close to those expected for waveguides formed in a graded index region diffused
from an instantaneously depleted source. For longer diffusion times, waveguide modes

could not be excited in the Ti-doped region by prism coupling at a wavelength of 633nm.

A quantitative comparison between the measured waveguide properties and the known total
Ti concentration was possible for some samples. This led to two independent estimates of
the refractive index change per wt% Ti,0; in Al,Os, of (2.31+0.6)- 10" and (441)-10”. These
calculations assume that the increase in refractive index is proportional to the concentration
of Ti, irrespective of the phase of the diffused Ti:Al,Os. Results presented in chapter 4
indicate that both fluorescent and non-fluorescent Ti exists in the diffused region of the

samples used in the quantitative analysis, which may explain the discrepancy in estimated

Following the realisation of slab waveguides in Ti-diffused sapphire, the properties of
waveguides formed by diffusion from a patterned source were investigated. At each
temperature considered, a limited range of conditions existed for which well-confined
channel waveguides were formed at a wavelength of 633nm. The spectral attenuation and

mode intensity profiles for 2 samples were discussed in greater detail, and S169 selected for

laser experiments.
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CHAPTER 6

TI-DIFFUSED CHANNEL WAVEGUIDE LASER IN SAPPHIRE

6.1 Introduction

Significant progress towards the realisation of a Ti:sapphire waveguide laser has been
presented so far. Chapter 4 described the diffusion of Ti*" into sapphire, with the diffused
region exhibiting spectroscopic properties identical to that of the known Ti:sapphire gain
medium. Chapter 5 discussed the formation of slab and channel optical waveguides in Ti-
diffused sapphire. Under appropriate conditions the diffused Ti presents good spectroscopic
properties and forms a channel waveguide with good confinement of radiation at
wavelengths in the visible and near infra-red regime. Such a diffused region presents an

ideal candidate for the realisation of a Ti:sapphire channel waveguide laser.

In this chapter, the realisation of a laser in such a channel waveguide is presented. The
experimental techniques used to characterise the laser are presented and the spectral, power,
modal and temporal behaviour of the laser output is presented for two cavity configurations.

This work comprises the first realisation of a channel waveguide laser fabricated by the

thermal diffusion of Ti into sapphire.

6.2 Realisation of a waveguide laser

The operation of a laser in a waveguide configuration requires similar components to the
more traditional bulk configuration. For the case of the Ti:sapphire system, the transition is
optically pumped and the cavity is formed by directly butting dielectric mirrors to the
polished endface of the sapphire substrate. With increasing absorbed pump power, guided

spontancous emission and stimulated emission levels build within the laser cavity until the
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gain at the emission wavelength compensates for the round trip cavity losses and the

threshold for laser emission is achieved.

The simple model developed in chapter 2 indicated that the performance of a Ti:sapphire
waveguide laser is dependent on the effective modal area and the total optical loss in the
laser cavity. Lowest pump power threshold would occur for small waveguide modes with
good overlap at the pump and signal wavelengths, lowest optical loss, maximum doping, and
maximum feedback into the cavity. Under these conditions, an optimum sample length
exists for lowest threshold operation. The model indicates that pump power thresholds of

the order of tens of mW may be achievable, although the model is approximate, as discussed.

In the remainder of §6.2, the characteristics of the waveguide selected for laser experiments
are reviewed, the spectral properties of the mirrors used to form the laser cavity are

presented and the experimental technique used to characterise the laser operation is

presented.

6.2.1 Characteristics of the selected waveguide

The channel waveguide selected for laser experiments was diffused from a 3um stripe on
S169. S169 was diffused for 1 hour at a temperature of 1700°C, from a 270nm thick,
patterned diffusion source. The diffused Ti>* distribution measured at a location beneath the
100um stripe peaked at about 0.2wt% Ti,0; in A1,O3 and extended about 10um beneath the
sapphire surface. A similar diffusion depth may be expected for diffusion from the 3pm
stripe, although the peak Ti** concentration is expected to be slightly lower'. Subsequent
measurements of the average Ti*" absorption in the 3um waveguide at wavelengths in the
blue-green, indicate the average modal concentration of Ti*" is 0.13 + 0.02wt%. This would
correspond to a maximum absorption of 9.2 + 1.1dB along the 0.6cm waveguide length.
This calculation assumes the peak absorption is 2.7cm’ for a crystal doped at 0.1wt% Ti*,

following the results reported by Moutlton?.

The spectral characteristics of the channel waveguide were briefly discussed in chapter 5.
Spectral attenuation measurements indicate that the TM mode cuts off at a wavelength
beyond 1000nm. The measurements also indicate that the total coupling and waveguide
propagation loss was less than 6dB for the 3um waveguide under the experimental

conditions used. In the analysis of the waveguide laser performance, the waveguide
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propagation loss is estimated to be between 0 and 2dB/cm, ie. 1+1dB/cm at the pump and
signal wavelengths. Further experimental work would enable the loss to be more accurately

established.

Based on these characteristics, the optimum waveguide length would be about 0.2cm. Laser

experiments, however, were successfully carried out with the full 0.6cm length.

6.2.2 Characteristics of the cavity mirrors

The characteristics of the mirrors that form the laser cavity, providing feedback into the gain
medium, strongly affect the laser performance. For example, the wavelength at which the
laser first reaches threshold and is able to operate, occurs when the optical gain equals the
round trip cavity loss. Particularly for the broad gain band of Ti:sapphire, spectral variation
in the power reflectivity of the cavity mirrors will influence the wavelengths that may reach

threshold.

Laser experiments were carried out with two cavity configurations using two mirrors of
differing spectral reflectivity. The mirrors consisted of a dielectric multi-layer coating
commercially deposited on a thin glass substrate. The coatings were designed with a high
transmission at the pump wavelength and high power reflectivity for a defined region near
the peak of the Ti:sapphire gain band. The power reflectivities of the reflective coating were

measured using an optical spectrum analyser over the wavelength range 770 to 830nm and
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Figure 6.1:- Power reflectivity of the dieleciric cavity mirrors, corrected for
reflections from the glass substrate, by reference with an uncoated substrate.
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are illustrated in Figure 6.1. The influence of reflections at the surface of the substrate
material was reduced by normalising to the reflectivity measured for an uncoated substrate.
The oscillations in the reflectivity would correspond to the modes of a Fabry-Perot etalon of

about 130pum thick, which would match the thickness of the uncoated substrate and indicate

a small error in the normalisation.

Based on these results, the mirrors were designated “high reflectivity”, with 98£0.5%
reflectivity and “lower reflectivity” with a reflectivity of 93+£1%. A mirror placed on the
output end of the waveguide is referred to as an output coupler, and the characteristics

defined in terms of transmission, at 2% and 7% respectively.

In the laser experiments, the cavity was formed by directly butting the coated side of two
mirrors to the polished endfaces of the waveguide. The mirrors were initially held in place
by the surface tension of a drop of fluorinert FC-70, a fluorinated oil, before being fixed
firmly with UHU, an acetone-soluble, quick drying adhesive. This method has the potential
for aligning the reflective coating parallel to the polished waveguide endface, with minimal
gap between the mirror and waveguide. A gap between the reflective coating and the
waveguide endface would reduce the levels of feedback into the waveguide and may form an
additional Fabry-Perot etalon inside the main laser cavity. The presence of an additional
Fabry-Perot etalon would lead to modulation of the spectral losses in the laser cavity and

would affect the laser output spectrum.

6.2.3 Experimental method

Figure 6.2 shows the experimental configuration used to identify the onset of lasing and to
investigate the characteristics of the laser emission. A water-cooled argon ion laser was used
as a pump source, operating multi-line at a series of wavelengths between 456nm and
515nm. The pump radiation was vertically polarised (parallel to sapphire c-axis or TM
waveguide excitation) so as to access the greater Ti** absorption cross section®. The pump
radiation was mechanically chopped using a blade with an on:off ratio of 1:19, designed to
reduce the average pump power incident on the input cavity mirror. The chopping speed
was adjusted to give a pump pulse of duration 0.8ms. The pump radiation was launched into

the waveguide, through the input cavity mirror, using a x10 or x6.3 microscope objective.

At the waveguide output, unabsorbed pump radiation was separated from lasing wavelengths

using a “cold” mirror which reflects radiation of a wavelength shorter than 700nm, whilst
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Figure 6.2:- Schematic of apparatus used in laser experiments

transmitting longer wavelengths. The reflected unabsorbed pump radiation was directed
through an aperture and was incident on a calibrated silicon detector, with the power levels
displayed on a digital storage oscilloscope. Radiation due to waveguide laser operation was
transmitted by the cold mirror and was incident on a second calibrated silicon detector whose
output was also displayed on the oscilloscope. The response time of the detector was
sufficiently fast to enable temporal power fluctuations during the lasing pulse to be

investigated.

For spectral analysis of the waveguide laser output, the silicon detector was replaced with an
optical spectrum analyser. The minimum integration time of the spectrum analyser was of

the order 30ms, and so the recorded spectrum represents the spectral characteristics over

approximately two cycles of the chopped pump radiation.

Waveguide mode profiles at the pump and lasing wavelengths were recorded using a silicon

vidicon camera, calibrated for the appropriate magnification.

Following the laser characterisation, the transmission through each of the optical
components was measured to enable the coupling efficiency into the waveguide to be
estimated from the levels of unabsorbed pump power, considering a 1+1dBem™ waveguide
propagation loss and a 9.241.1dB pump absorption. The value for the waveguide

propagation loss is estimated, whilst the pump absorption was experimentally determined
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and assumes that the transition is not bleached for the pump powers investigated. From the
estimate of the coupling efficiency, the pump power levels launched into the waveguide
could be calculated from the measured output power of the argon laser providing the pump

radiation.

Laser operation was observed for a 3um Ti-diffused channel waveguide on sample S169

using two high reflectivity mirrors to form the laser cavity. In this configuration, the output

coupling is 2%. The power, spectral and temporal characteristics of the waveguide laser are

presented in the following sections.

6.3.1 Power, threshold and slope efficiency of the waveguide laser

The laser output power as a function of launched pump power is presented in Figure 6.3 for a
3um Ti-diffused channel waveguide in S169. The coupling efficiency into the channel
waveguide is calculated to be 41£12% and the launched pump power threshold is 1.2£0.4W.

Power extracted from the laser is of the order of tens of uW for a launched pump power of

800mW above threshold pump power, corresponding to a slope efficiency of 0.01%.
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Figure 6.3:- Ouiput power characteristics of the Ti:sapphire waveguide laser with
2% output coupling
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The error in the measurement is shown by the errors bars in Figure 6.3, although only a
single error bar is shown for the launched pump power to maintain overall clarity. In the
laser output power, the data represents the average and standard deviation of the laser output
power during the pump pulse. The error in the launched pump power is significant, at about
30% of the recorded value. This represents the combined uncertainty in the Ti*" absorption,
waveguide propagation loss, waveguide coupling loss, and the ratio of incident to
unabsorbed pump power. With further characterisation of the waveguide, uncertainties in

the Ti** absorption and waveguide propagation loss could be reduced.

The threshold pump power of the waveguide laser in this configuration is about 2 orders of
magnitude greater than expected with reference to the model described in chapter 2. The

discrepancy is discussed further in §6.5.

6.3.2 Spectral characteristics of the waveguide laser

Figure 6.4 shows an example of the waveguide laser output spectrum, for a launched pump

power 700mW above threshold.

Four distinct groups of lasing wavelengths are observed, although it is expected that each of
these groups consist of a series of longitudinal cavity modes allowed by the 6mm Fabry-
Perot etalon, whose spectral spacing would be about 0.03nm. Each group of cavity modes is

about 0.5nm wide at 1/e of the peak intensity, and the resolution of the spectrum analyser is
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Figure 6.4:- Spectral characteristics of the waveguide laser o

launched pump power 0.7W above threshold.
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better than 0.12nm. The groups of cavity modes are spaced by about 10nm, which would
correspond to the characteristics of a Fabry-Perot etalon with a spacing of the order of 15um.
A small gap between one of the cavity mirrors and the waveguide endface may allow such a

cavity to form and contribute accordingly to the spectral cavity characteristics.

On reducing the pump power, the group of cavity modes centred near 810nm cease to lase
first, followed by the groups centred at 790nm, 780nm and finally 800nm. The changes in
the waveguide laser spectra with pump power are related to the spectral characteristics of

gain and loss in the waveguide cavity.

6.3.3 Temporal stability of the waveguide laser
The spectral characteristics of the waveguide laser during the pump pulse were investigated

using a fast silicon detector and a series of filters, and an example of the results is shown in

Figure 6.5.

For a launched pump power 0.7W above threshold, sharp fluctuations in output power are
observed during the laser emission, when viewed through a broad band pass filter with high
transmission for wavelengths between 770nm and 830nm. The origin of these fluctuations

was investigated by inserting an additional 10nm narrow band pass filter, centred at 810nm,
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Figure 6.5:- Temporal fluctuations in the laser output power during the
pump pulse, for a launched pump power 0.7W above threshold pump
power, viewed through broad and narrow band pass filters.
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to select the power of one of the groups of lasing modes observed in Figure 6.4. The results
indicate that the 810nm group of lasing wavelengths occurs during a fraction of the lasing
pulse. Using a series of narrow band pass filters, similar observations are made for the other
groups of lasing wavelengths, with the character of the switching between lasing
wavelengths sensitive to the launched pump power. These results indicate that there is a
temporal instability in the ratio of gain to loss in the cavity, during the pump pulse. This

may be related to heating of the waveguide, gain medium, or cavity mirrors.

During the course of one day, the spectral characteristics were repeatable for a given

launched pump power, except that the centre wavelength of the groups of oscillating modes
were observed to drift by approximately 4nm. This drift is likely to be due to a variation in
the spectral characteristics of the Fabry-Perot etalons that influence the laser spectrum. For

example, the variation may be due to a small movement of a cavity mirror.

6.3.4 Summary of laser characteristics with 2% output coupling

A Ti:sapphire channel waveguide laser has been realised with a laser cavity formed between
high reflectivity mirrors directly butted to the waveguide endfaces. With a chopped pump
source operating around 500nm, the launched pump power threshold was measured to be
1.240.4W and the slope efficiency, 0.01%. Laser emission was observed at a series of
wavelengths between 780 and 810nm for a launched pump power 700mW above threshold.
The emission wavelengths formed a series of distinct groups, separated by 10nm, with a full
width at 1/e of 0.5nm. Switching between oscillating modes was observed during the lasing

pulse.

6.4 Ti-diffused waveguide laser with 7% output coupling

The laser experiments reported in §6.3 were repeated for a 7% output coupler using the same
3um channel waveguide on S169. The following power, spectral and modal characteristics

of the laser were observed.

6.4.1 Power, threshold and slope efficiency
Figure 6.6 illustrates the power characteristics obtained for a 3um Ti-diffused channel
waveguide laser with a 7£1% output coupler. The launched pump power threshold was

calculated to be 1.2+0.4W, assuming a 48+14% coupling efficiency. The enhanced coupling
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Figure 6.6:- Output power characteristics for a Ti:sapphire waveguide laser with
741% output coupling.
efficiency compared to the results described in §6.3 is consistent with a change in the

waveguide excitation optics from a x10 microscope objective to a x6.3 microscope objective.

Power levels extracted from the waveguide laser was of the order of mW for launched pump
powers approximately 1W above threshold, corresponding to a slope efficiency of 0.5%.
Therefore, by increasing the output coupling from 2% to 7%, the slope efficiency has

increased by 50 times.

The error in the laser output power is given by the standard deviation of the laser output
power during the pump pulse. The error in the launched pump power is calculated from the
combined uncertainty in the Ti>" absorption, waveguide propagation loss, waveguide

coupling loss, and the ratio of incident to unabsorbed pump power.

6.4.2 Spectral characteristics
The output spectrum of the waveguide laser measured for a launched pump power 1W above

threshold is shown in Figure 6.7. The spectrum analyser used integrated the signal over

approximately two pump pulse cycles.
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Figure 6.7:- Spectral characteristics of the waveguide laser at a launched pump
power 1.0W above threshold

The recorded spectra show laser emission over about 30nm centred at 785nm with a
distinctive periodic power density. The period is approximately 1.3nm and the full width at
1/e of the peak of each group, is 0.6nm. The resolution of the spectrum analyser is better
than 0.12nm. It is expected that the spectra will also contain a fine structure, characterised
by the Fabry-Perot etalon formed by the 0.6cm cavity. These modes would be separated by

about 0.03nm, and cannot be resolved using this spectrum analyser.

As the launched pump power is decreased, wavelengths near
spectra at around 775-780nm cease to lase first, followed by the groups of modes operating
beyond 790nm and subsequently the modes at 770nm. At a pump power just above

threshold, the laser operates at wavelengths between 780 and 785nm. Such a pattern in the

spectral characteristics would be related to the spectral dependence of gain and losses within

the laser cavity.

Using a fast silicon detector and a series of narrow band pass filters, switching between
lasing wavelengths was observed during the laser pulse. This characteristic is similar to the

laser characteristics observed for the 2% output coupler cavity configuration.

The periodic nature of the power density spectrum in presented in Figure 6.7 indicates that
the fluctuations may be caused by a Fabry-Perot etalon with a characteristic spacing of about
130um. This is close to the thickness of the mirror substrate, indicating that the small
variations in feedback provided by the boundaries of the mirror substrate may be sufficient

to modulate the spectral losses in the laser cavity. This behaviour was not observed for the
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2% output coupler, although it is believed that a small separation existed between the mirror
and the waveguide endface and dominated the spectral characteristics. In contrast, it is

expected that for the 7% output coupler, good contact was achieved between the cavity

mirrors and the waveguide.

6.4.3 Intensity mode profiles for laser and unabsorbed pump radiation
The intensity mode profiles for unabsorbed pump radiation and lasing wavelengths were
obtained whilst the waveguide laser was operating with 7% output coupling. Contour plots

showing the imaged intensity profiles are given in Figure 6.8.

The intensity mode profile obtained at the pump wavelengths exhibits a double lobed
structure in the depth dimension, whilst in the breadth direction, features a structure that
extends along the surface. The structure represents the sum of the unabsorbed power
distributed in the waveguide modes excited at each of the wavelengths that comprise the
pump radiation. The extension of the mode profile along the near surface region is
consistent with the lateral diffusion of Ti** from the stripe source, discussed in chapter 4.
Further characterisation of the waveguide properties at each of the pump wavelengths

individually would be needed to characterise the absorption of the pump and the distribution

of excited T ions.
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Figure 6.8:- Waveguide mode intensity profiles obtained for unabsorbed pump and
laser radiation. The waveguide excitation is optimised for maximum laser output

power.
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At the lasing wavelengths, the mode exhibits TMy character mode, with a full width at 1/e
of the peak intensity of approximately 5pm and 10um in directions of depth and breadth

respectively.

The waveguide laser model developed in chapter 2 indicated that the pump power threshold

would decrease with approximately the square of the pump and signal mode sizes. Reducing

. i

reduction in the pump

‘Y

=

the mode size and optimising the overlap would lead to a significan

power threshold of the Ti:sapphire waveguide laser.

6.4.4 Summary of laser characteristics with 7% output coupling

Laser operation was observed in a 3um Ti-diffused channel waveguide in sapphire, with a
7% output coupler. With a chopped pump source operating at wavelengths around 500nm,
the launched pump power threshold was 1.2+0.4W and the slope efficiency 0.5%. This
represents a 50-fold increase in the power output compared to the power output with the 2%

output coupler.

Lasing was observed at a series of wavelengths between approximately 770 and 800nm with
a characteristic periodic power density spectrum. The period was approximately 1.3nm with
a full width at 1/e of 0.6nm and is likely to be due to modulations in feedback provided by
with a 2% output coupler, and are attributed to small differences in the separation of the

cavity mirrors and the waveguide endface.

The mode intensity profile obtained for the laser radiation shows a TMqo mode structure.
The mode size (measured as 1/e of the peak intensity) is 5x10pum for the depth and breadth
dimensions respectively. At the pump wavelengths, a more complex mode structure is

observed for the unabsorbed power.

6.5 Discussion and quantitative interpretation of laser performance

The performance of a waveguide laser is related to the geometry of the waveguide, losses in
the cavity, the characteristics of the gain medium and the laser cavity configuration.
Following the simple model for a Ti:sapphire waveguide laser described in chapter 2, the
indication was that a waveguide laser with a pump power threshold of the order of tens of

mW can be achieved. These calculations assumed that the waveguide supported circularly
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symmetric Gaussian modes of size about 3pum, losses were of the order 1dB/cm at the pump
and signal wavelengths, the gain medium doped at 0.1wt%, the waveguide optimised in

length, an output coupling of 5%, a quantum efficiency of 0.5 and fluorescence lifetime of

3.2us

In practice, a waveguide laser with a pump power threshold about two orders of magnitude
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greater has been realised, for two cavity contigurations. For the laser realised, the
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waveguide mode at the signal wavelength is asymmetric with dimensions 5x10pum (§6.4.3),
the propagation loss is known to be less than 6dB over the 6mm device length (§5.6) at the
signal wavelength, the average modal concentration of Ti** is 0.13wt% (§6.2.1), output

couplers of 2% and 7% have been used and the quantum efficiency and lifetime of the laser

transition have not been measured.

Aspects of the experimental results are discussed in the following section to highlight some

of the reasons that contribute to the difference between the projected laser performance and

that measured.

6.5.1 Waveguide geometry

The geometry of the waveguide used for the laser experiments was not optimised in terms of
waveguide mode size or waveguide length for low pump power threshold. With any losses
in the waveguide, an optimum length will exist for optimum laser operation. For the
waveguide used, the optimum length is estimated to be 0.2cm, and it is expected that a lower

pump power threshold will be achieved if the device is reduced to this length.

In the model presented in chapter 2, the pump power threshold increases with approximately
the square of the mode size. Therefore, it is expected that the pump power threshold is
greater for the diffused channel waveguide, with a mode of dimensions 5x10um at the signal
wavelength. Assuming the pump mode is also 5x10pm, leading to a perfect overlap of
power at the pump and signal wavelengths, and that the power can be described by a

Gaussian distribution, this would lead to 5-fold increase in the pump power threshold

compared to respective 3x3um modes.

These differences in waveguide geometry explain some of the discrepancies between the

projected laser performance and that measured.
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6.5.2 Loss in the laser cavity

Losses in the waveguide cavity will increase the pump power threshold. Sources of optical
loss include scattering at the pump and signal wavelengths, absorption at the signal
wavelength and loss at the cavity mirrors. The observation of a higher pump power
threshold for the waveguide laser compared to the simple model may indicate that the total
round trip cavity losses are higher in practice than expected. The total round trip cavity

losses can be estimated by considering the slope efficiency of the laser.

Referring to chapter 2, the slope efficiency, SE, is given by Egn. 6-1. A, and A are the
wavelengths of the pump and signal modes, # is the quantum efficiency, describing the
fraction of absorbed photons that contribute to radiative decay, T is the transmission of the
output coupler and RTL is the total round trip loss, expressed in the same dimensions as T
SE = ip ' T Eqn. 6-1
As ' RTL
Assuming A,, A and # are 500nm, 800nm and 0.5 respectively, the total loss in the cavity
can be estimated for each of the laser cavity configurations. The value of 0.5 assumed for
the quantum efficiency is speculative. If in practice a lower quantum efficiency is achieved
in the diffused gain medium, the calculated round trip cavity loss will be overestimated. For
2% output coupling, a slope efficiency of 0.01% was measured, which would correspond to
a total round trip cavity loss of 23dB. For the 7% output coupling a slope efficiency of 0.5%
was measured, indicating that the total round trip cavity loss is about 6dB. These figures
indicate that the loss in the cavity is significant, and would in part explain the discrepancy

between projected and observed laser performance.

The large difference in loss between the two experiments can be related to the different
spectral characteristics of each laser. The laser spectrum observed for the 2% output
coupling indicated that a separation of about 15um occurred between the waveguide endface
and the cavity mirror. This would reduce the levels of feedback into the waveguide and in

part, will account for the difference in loss observed for the two cavity configurations.

Sources of loss that will contribute to the 6dB round trip loss estimated for the laser
operating with a 7% output coupler, include waveguide propagation loss and absorption at
the lasing wavelength. For a single pass through the waveguide, this has been measured to

be less than 6dB (§5.6), including coupling loss into the waveguide. Further work would be

170



required to establish the independent propagation, absorption loss and coupling loss. It is
expected that these losses may be controlled by the waveguide fabrication conditions, and

optimised devices may be realised with further investigation of the diffusion process and

waveguide characterisation.

In addition to the waveguide losses, any misalignment in the polished endfaces with respect
to the waveguide axis, or in terms of parallelism would reduce the efficiency of feedback
into the waveguide and gain medium. Similarly, rounding of the waveguide endface during
the polishing procedure would add to the round trip cavity losses. These loss contributions
may be reduced in future devices by optimising the polishing technique and developing
schemes that ensure accurate alignment. For example, mirrors could be directly deposited

on the polished waveguide endfaces.

6.5.3 Heating in the waveguide

Heating in the waveguide will affect the properties of the waveguide and the gain medium.
In addition, heating of the reflective coatings and mirror substrate may cause distortions to
the plane mirror and affect the power reflectivity. Changes in the mirror properties that
reduce the feedback into the waveguide will increase the pump power threshold. In future
devices, the materials used for the reflective coating could be optimised for high power

densities, and deposited directly onto the polished endface.

6.5.4 Physical properties of the diffused gain medium

The model presented in chapter 2 assumed that the gain medium exhibited spectroscopic
properties comparable to a bulk doped Ti:sapphire crystal. For the diffused medium,
experimental results (§4.4) indicate that the lifetime and fluorescence spectrum are in
excellent agreement with those of a high quality bulk doped Ti:sapphire laser crystal.
However, the spectroscopic properties of the diffused region used as the gain medium for the
waveguide laser have not been investigated directly. Deviations, from the values used in the
model would contribute to the discrepancy between the laser performance observed and that
projected. For example, if in practice a quantum efficiency less than 0.5 is achieved, the

projected pump power threshold of the waveguide laser would increase.
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6.5.5 Summary

The measured performance of the Ti:sapphire waveguide laser has been discussed in
comparison with the simple model developed in chapter 2. The observation of higher pump
power thresholds than expected may be related to the difference in waveguide geometry, the
occurrence of higher round trip cavity losses, heating in the waveguide and discrepancies in

the spectroscopic properties of the diffused gain medium.

Further characterisation of the current device is possible, particularly to determine the origin
of the 6dB round trip cavity loss estimated for the laser operating with 7% output coupling.
In addition, optimising the length of the waveguide should lead to the realisation of a

waveguide laser with a lower pump power threshold.

5.6 Conclusions

A Ti:sapphire channel waveguide laser has been realised for the first time. The waveguide
and the gain medium were formed in a low cost, high quality, commercially available
sapphire wafer, by the thermal diffusion of titanium. The channel waveguide laser has been
demonstrated and characterised for two cavity configurations. These results clearly iliustrate
the feasibility of this approach to the realisation of an integrated optic Ti:sapphire waveguide

laser.

With a 2% output coupler and a chopped argon ion pump source operating at wavelengths
between 456 and 514nm, a pump power threshold of 1.2+0.4W was achieved with a slope
efficiency of 0.01%. Well above threshold, laser emission was observed over 30nm between
approximately 780 and 810nm, in four distinct groups of cavity modes separated by
approximately 10nm. The spectral characteristics are believed to be dominated by the
occurrence of an additional 15um Fabry-Perot etalon between a mirror and polished endface
of the waveguide. The centre wavelength of each group of modes drifted over about 4nm
during the course of a day. Within each laser cycle, switching between groups of cavity

modes was observed.

For the 7% output coupler, under otherwise similar experimental conditions, the waveguide
laser operated with a pump power threshold of 1.2+0.4W and slope efficiency of 0.5%. Well
above threshold, laser emission was observed over approximately 30nm, between

approximately 770 and 800nm. The characteristics of the emission spectra are thought to be
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dominated by a wavelength variation in the feedback into the cavity caused by the reflections
from the boundaries of the mirror substrates. Switching between emission wavelengths

occurred during the laser cycle.

A quantitative interpretation of the laser characteristics for this first-generation device
indicates that the observation of higher pump power thresholds than expected will be related

Ao 1 +1a d hich y
device length and higher than expected round trip 1

to the waveguide mode size,
addition, heating in the waveguide and deviation from ideal spectroscopic properties of the
gain medium may contribute to differences between the projected performance and that
measured. A reduction in the pump power threshold for this device may be achieved by
optimising the length of the waveguide. Further development of the waveguide laser model,
and further characterisation of the Ti-diffused waveguide and gain medium should allow the

discrepancy between the model and experiment to be reduced.

Switching of the emission wavelength through the laser cycle indicates a temporal and
spectral variation of the cavity losses. Such dynamics indicate high sensitivity of the laser
characteristics to instabilities in the laser cavity, which may in the future be exploited to

provide integrated tuning and control of the laser emission.

In conclusion, this first demonstration of a Ti:sapphire iaser in a planar waveguide geometry
by diffusion of titanium into a readily available sapphire wafer clearly illustrates the

feasibility of this approach for the realisation of a compact, broadly tunable waveguide laser.
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CHAPTER 7

CONCLUSIONS

7.1 Introduction

This thesis describes the first realisation of a Ti:sapphire channel waveguide laser. Both the
gain medium and optical waveguide are formed by the thermal diffusion of Ti into a
commercially available sapphire wafer, for the first time. These results clearly illustrate the

feasibility of this approach to forming a miniature Ti:sapphire laser on a sapphire chip.

In this chapter, key aspects in the development of the waveguide laser are reviewed and

directions for future work proposed.

7.2 Summary of work reported
Interest in developing waveguide devices in sapphire has been increasing, with effort
concentrated on realising rare-earth doped devices in AL, O; waveguides, and on realising
transition metal ion based lasers in single crystal sapphire. Recent successes include the
realisation of optical amplification in Er-doped Al,O3 waveguides' and the realisation of a
Ti:Al,O3 slab waveguide laser grown by pulsed laser deposition®. Many fabrication
techniques have been reported with a varying degree of success. However, prior to this
work, there were no reports of optical devices formed by thermal diffusion in sapphire. The
technique of thermal diffusion offers the flexibility in the design of a doped region and has

proven successful in the development of integrated optic devices in LiNbO;>.

In chapter 2, the properties of sapphire and Ti-doped sapphire were reviewed, to highlight
the potential for a Ti:sapphire waveguide laser. The origins of the spectroscopic properties
of Ti-doped sapphire that provide the basis for the broadly tunable laser were discussed. To
realise a localised gain medium, the Ti needs to be introduced substitutionally on the Al
lattice in the Ti°* valence state. A simple model was developed for a Ti:sapphire laser and

trends in the pump power threshold and the laser slope efficiency were discussed as a
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function of the waveguide geometry, intracavity losses and cavity configuration. In
conclusion, it was estimated that a waveguide laser with a pump power threshold less than

100mW 1s achievable.

In chapter 3, the dynamics of impurity diffusion into a substrate were discussed, with models
illustrated for ideal diffusion conditions. The effect of competitive diffusion rates along
extended defects was discussed, in addition to other mechanisms that lead to deviation from
the simple diffusion model. Previous studies of metal diffusion in sapphire were reviewed,
to identify the range of diffusivities and diffusion mechanisms observed. Based on this

review, it was proposed that initial diffusion studies be carried out at temperatures of 1750°C

and 1950°C.

The diffusion technique developed for diffusing Ti into sapphire at temperatures up to
1950°C was outlined in chapter 4. Techniques developed to analyse the diffused Ti*" and
diffused total Ti distribution were described. Experimental results for diffusion from a
continuous film source and a patterned diffusion source were presented. Diffusion
temperatures between 1480°C and 1950°C, diffusion times up to 8 hours and diffusion
source thickness between 27nm and 270nm were considered. Peak concentrations as great
as 0.5wt% Ti,03 in Al,O; and diffusion to depths of 50um have been observed. The
proportion of diffused Ti incorporated as the fluorescent Ti’" ion depends on the cooling
conditions from the diffusion temperature; a rapid cool was observed to increase the yield of
diffused Ti**. The results indicated that Ti** ions with a spectroscopy appropriate for a
localised gain medium could be introduced by thermal diffusion. The diffused profile is
related to the diffusion temperature, diffusion time, source thickness and distribution of the
source. These results comprise the first realisation of a locally doped sapphire wafer with

Ti** by thermal diffusion.

In chapter 5, the characteristics of slab and channel waveguides formed in the Ti-diffused
region of sapphire wafers were presented. A simple model of waveguides formed in a
diffused graded index region was described, using the WKB method to calculate modal
effective refractive indices®. The trends observed for waveguides formed in a graded index
region diffused from an instantaneously depleted diffusion source were similar to those
observed for a series of slab waveguides in Ti-diffused sapphire. Comparing the measured

waveguide characteristics to the total diffused concentration, estimates of the relation
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between Ti and refractive index change were obtained. The characteristics of channel
waveguides formed by diffusion from a patterned source were discussed and a waveguide
identified for laser experiments. The results reported comprise the first realisation of optical

waveguides in sapphire, formed by thermal diffusion.

The realisation of a Ti:sapphire channel waveguide laser was reported in chapter 6. The
waveguide laser was formed in a commercial sapphire wafer by the thermal diffusion of Ti
to form both the gain medium and the optical waveguide. The laser was demonstrated with
two cavity configurations, with 2% and 7% output coupling. With the 2% output coupler,
the pump power threshold was of 1.2+0.4W, with laser operation characterised by a high
intracavity loss. The high loss is likely to be due to inefficient feedback at one of the cavity
mirrors. With the 7% output coupler, a pump power threshold of 1.2+0.4W was achieved,
with an estimated round trip cavity loss of 6dB. Laser output was observed at wavelengths
between 770nm and 810nm. Rapid switching between wavelengths was observed on a sub-
millisecond timescale, indicating some temporal instability within the laser cavity. By
optimising the waveguide length, a lower pump power threshold is expected for the same

channel waveguide.

In summary, the results reported in this thesis illustrate that an optical gain medium and
optical waveguides may be formed in a commercial sapphire wafer by thermal diffusion of
Ti. This has led to the realisation of a channel waveguide laser. Further development of the
waveguide, gain medium and the addition of intracavity control components, may lead to the

realisation of monolithically integrated broadly tunable Ti:sapphire waveguide laser.

7.3 Future directions

Pursuing the aim of realising a fully integrated Ti:sapphire waveguide laser, requires activity
on many fronts. The model of the waveguide laser needs to be developed further, schemes
need to be devised for integrating control components on the sapphire chip and the diffusion

dynamics of Ti in sapphire require greater experimental investigation.

7.3.1 Development of model describing Ti:sapphire waveguide laser
The current model of a Ti:sapphire waveguide laser indicates that a pump power threshold of
less than 100mW may be achieved under ideal conditions. The model indicated that for low

threshold operation, the waveguide losses and the waveguide mode sizes should be
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minimised. Under these conditions, an optimum waveguide length will exist. For given
distributed losses, the optimum length decreases as the doping level increases. Development
of this model should include the effect of heating in the waveguide and changes in the
material parameters, such as quantum efficiency and figure of merit as a function of Ti
concentration. The model should also include the solution of waveguide mode sizes at the
pump and signal wavelengths, calculation of the effective interaction area and the overlap of
the waveguide modes with the Ti*" distribution that provides the gain. In addition, with
further investigation of the diffusion process, the model may be expressed in terms of the

diffusion temperature, diffusion time and source thickness, to relate the characteristics of the

waveguide laser directly to the fabrication conditions to yield an optimised waveguide laser.

The model may indicate that the use of Ti to form both the gain medium and the waveguide
restricts the properties of the laser. In future devices, the properties of the waveguide and
gain medium may be decoupled, by introducing a second ion to determine the waveguide
properties. The introduction of a second ion will allow the development of passive
waveguides, selectively doped with the active ion Ti*" to form the gain medium as required.

The choice of second ion is discussed further below.

7.3.2 Integration of control components

The attraction of the Ti:sapphire waveguide laser is the potential for broad tunability over
400nm at wavelengths in the near infra-red. In the planar waveguide geometry, intracavity
components may be incorporated on the same sapphire chip, to control the laser operation.
This would significantly enhance the ease of operation of the Ti:sapphire laser, and open the

way for a host of novel applications. Integrated control has been achieved for other

integrated optic lasers.

The laser output wavelength is determined by the ratio of intracavity loss and gain.
Therefore, by introducing an externally tuned spectral loss, the wavelength of the laser may
be controlled. Wavelength selection may be achieved by design of appropriate coupled
cavity devices, and wavelength tuning by modulation of the waveguide path length. For
example, the refractive index of a waveguide section may be increased by heating the
waveguide. Models of the waveguide selection and control components may be developed

and incorporated with the waveguide laser model.
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7.3.3 Refinement of Ti-diffusion dynamics

The Ti diffusion characteristics described in this thesis indicate that several mechanisms are
contributing to the overall transport process. In particular, a fast lateral diffusion from a
patterned source results in a limited fabrication window for the realisation of channel
waveguides. Further experimental work is required to establish the origin of the lateral
diffusion and to allow each of the contributing mechanisms to be characterised. This is

necessary to enable optimised waveguide lasers to be developed.

Further experimental work is proposed, considering the diffusion from a thick Ti-metal film,
half covering a sapphire substrate. Characterisation of the diffused Ti*" and total Ti
distribution both beneath the original film and on the initially uncovered half of the substrate
will allow the characteristics of the depth and lateral diffusion to be established. The
influence of a preanneal on the extent of the lateral diffusion may be investigated. The use
of other surface analysis techniques may allow an insight to the progression of a reaction
between the diffusion source and substrate. In samples where a single T1 species is present

in the diffused region, further estimates of the relationship between Ti concentration and

refractive index change may be achieved.

In conclusion, further experimental work on the diffusion of Ti mto sapphire is proposed so
that a model describing the transport process can be established. The model will aid the
realisation of optimised waveguides and gain regions, and the development of a low

threshold Ti:sapphire waveguide laser.

7.3.4 Characterisation of the Ti-diffused gain medium

The spectroscopic properties of the diffused Ti may be investigated further. For example,
the quantum efficiency, fluorescence lifetime and the figure of merit of the diffused region
may be characterised as a function of Ti concentration and distribution. These studies would

aid the development of the waveguide laser model and indicate the scope of the diffused

Ti:sapphire as a gain medium.

7.3.5 Development of passive waveguides
The use of Ti to form both the waveguide and the gain medium presents an elegant one-step
process to fabricate a waveguide laser in sapphire. However, the characteristics of the gain

medium are coupled to those of the waveguide, which limits the design of the laser.
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Introducing a second ion, to form a passive waveguide will allow greater flexibility of

design. This route has been pursed in the development of active devices in LiNbO; hosts”.

A second ion needs to display complementary spectroscopic properties to the active Ti*" ion,
and complementary redox characteristics, to ensure the diffused Ti remains as Ti*" on an Al
lattice site. For example the introduction of a divalent ion, such as Mg, would increase the
solubility of Ti in the 4+ valence state®. Metal ions that may be complementary include
Ga**, Y** and Cr**. Gais a metal in the same group as Al in the periodic table and the phase
diagram shows a finite solubility in the sapphire lattice”. Y is a transition metal ion and in
the 3+ valence has no d-shell electrons and is so expected to be transparent to wavelengths in
the visible and near infra-red. However, the solubility of Y is reported to be lows, which
may limit the maximum refractive index change and the formation of optical waveguides. In
contrast, Cr’* is highly soluble in sapphire. However, Cr-doped AL,Os is a well-known laser
medium, with a broad absorption in the blue-green and emission at over narrow wavelength
bands at around 690nm’. The introduction of Cr’* as a second ion to form the waveguide,
would have some effect on the Ti:sapphire laser performance, as it would not form a passive
waveguide. The advantage of the independent control over waveguide and gain

characteristics would have to be considered in balance with the degradation in the

Ti:sapphire laser performance.

In summary, these developments would build on the progress achieved to date in the
development of a miniature waveguide laser. The realisation of a broadly tunable
Ti:sapphire waveguide laser would present a novel source for a host of remote and portable

instrumentation for use in optical sensing and spectroscopy.
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