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This thesis focuses on two different, but completawgn aspects of the modification of
gallium lanthanum sulphide (GLS) glasses. Firgtly &ddition of transition metal ions
as dopants is examined and their potential foragsactive optical materials is explored.
It is also argued that the spectroscopic analylstsansition metal ions is a useful tool
for evaluating the local environment of their hoSecondly femtosecond (fs) laser
modification of GLS is investigated as a methodvwawveguide formation.

Vanadium doped GLS displays three absorption baatd580, 730 and 1155 nm
identified by photoluminescence excitation measerds Broad photoluminescence,
with a full width half maximum of ~500 nm, is obged peaking at 1500 nm when
exciting at 514, 808 and 1064 nm. The fluorescdifettme and quantum efficiency at
300 K were measured to be 33.4 us and 4% resplyctihaalysis of the emission
decay, at various vanadium concentrations, indicade preferentially filled, high
efficiency, oxide site that gives rise to charaster long lifetimes and a low efficiency
sulphide site that gives rise to characteristic rishidetimes. X-ray photoelectron
spectroscopy measurements indicated the preseneanaflium in a broad range of
oxidation states from Vto V°*. Tanabe-Sugano analysis indicates that the olgtical
active ion is V" in octahedral coordination and the crystal fielkesgith (Dg/B) was
1.84. Titanium and nickel doped GLS display a sngihsorption band at 590 and 690
nm, and emission lifetimes of 97 and 79 respectively. Bismuth doped GLS displays
two absorption bands at 665 and 850 nm and lifetiamponents of 7 and 4i&. Based
on comparisons to other work the optically activesi are proposed to be*TiNi* and
Bi*, all of these displayed emission peaking at ~900 n

Through optical characterisation of fs laser wnitigaveguides in GLS, a formation
mechanism has been proposed. Tunnelling has beemtifidd as the dominant
nonlinear absorption mechanism in the formationtled waveguides. Single mode
guidance at 633 nm has been demonstrated. Thegvparameters for the minimum
propagation loss of 1.47 dB/cm are 0;8b6pulse energy and 50n/s scanning speed.
The observation of spectral broadening in theseegaides indicates that they may
have applications for nonlinear optical deviceslaser written waveguides in transition
metal doped GLS could lead to broadband activealptievices.
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Chapter 1

Introduction

1.1 Motivation

Over the past few decades silica fibre has revwhged the way in which we
communicate by allowing low cost, high bandwidtangsmission of data over long
distancesThis has enabled millions of people around the dvadcess to data resources
like the World Wide Web as well as voice and vigdgmne. Further improvements to
the data bandwidth available to home users couwldlugonise the way media such as
news, films and music are accessed. An examplei®id the growing implementation
of media-on-demand.[21] The invention of the erbdoped fibre amplifier (EDFA) in
1985[22] was instrumental in allowing long distardaga transmission through silica
fibore and was a significant improvement on eledatraepeaters which required the
conversion between optical and electronic signdis.a quirk of nature an emission
band of erbium, which dictates the gain bandwidtthe EDFA, sits neatly in the low
loss window of silica. The technology behind silidare is now mature; its structure
and properties are well understood and the loseaable in silica fibore comes close to
its theoretical minimum.

0.354

O-band
E-band
S-band
C-band
L-band
U-band

0.30 4

0.25+4

0.20 1 \
—— Standard fibre| ——

—— AllWave fibre

Loss (dB kml)

O-15IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65

Wavelength iim)

FIGURE 1.1 Loss of standard and AllWave silica ébrshowing the
region of minimum attenuation and the six convemiobands of
optical telecommunications. After[1].



Chapter 1 Introduction 2

Until recently the presence of the hydroxyl impyri silica introduced an overtone
absorption around 1400 nm which effectively divided region of lowest attenuation
into two separate windows. In 1998, Lucent techgiel® introduced the AllWave fibre
which contains less than one part per billion hygltaons.[23] This ultra dry fibre
effectively gives one continuous low loss windowarsping ~1260 to 1670 nm, as
shown in figure 1.1. The gain bandwidth of the ED§pgans only a small fraction of
this continuous low loss window. Doping with otheare earths could allow
wavelengths not covered by the EDFA to be used,pbolbblems associated with the
vibrational structure of silica prevent its useamsamplifier medium when doped with
ions such as praseodymium, thulium and dyspros&#h.[

Silica glass is by a long way the most favourabktamal to use for long distance
optical fibre telecommunications. However, there aspects of the properties of silica
which make it unsuitable for certain applicatiof®r instance the low rare earth
solubility of silica means that the interactiondémof active devices based on rare-earth
doped silica is relatively long. The high phonoergy of silica means that transitions
of many rare earth dopants decay non-radiativelje Telatively low non-linear
refractive index of silica means that non-lineavides based on silica require relatively
high intensities in order to function. The transsios wavelength of silica is also
limited to 2um. These shortcomings of silica have merited thiestigation of a variety
of novel glasses for optical device applicationsede include phosphate, heavy metal
oxide (HMO), fluoride and chalcogenide glasses.

The high energy storage and extraction charadt=rief phosphate glasses make them
suitable for high power laser applications suchfusson research.[25] The national
ignition facility (NIF) at the Lawrence Livermore alonal Laboratory, (California,
USA) uses Nd doped phosphate glass as a gain medllian completed the NIF is
expected to produce ~ns pulses with energies oM3d2and peak powers of ~500
TW.[26]

HMO glasses are arbitrarily defined as those g&assataining over 50 cation % of
bismuth and/or lead. They are believed to havehibbest refractive indexes of any
oxide glass and are also characterised by highitgemsgh thermal expansion, low
transformation temperature and excellent infraradgmission up to ~pm.[27] A 2R
regenerator (see section 6.1.3.3 for a descriptibaj exploits the nonlinearity of
bismuth oxide fibre has been demonstrated.[28]

The fluoride glass ZBLAN is based on the fluori@é<r, Ba, La, Al and Na. A loss of
0.45 dB knT at 2.35um has been achieved for ZBLAN fibre.[29] Such fiberea now
used for various passive applications requiringhtéiedling of IR signal. In this respect,
fluoride fibres are complementary to silica fibrgken the wavelength exceedsi.
Laser power delivery is another field of applicatifor these fibres, for example
Er:YAG laser at 2.9um attracts a growing interest for dental appliaaif30]

Chalcogenide glasses contain a chalcogen elemdph(s, selenium or tellurium) as a
substantial constituent. Oxygen is also a chalcdgent is not usually included in the
definition of chalcogenide glasses because oxidessgks form a large group with
distinctly different properties to glasses formeait the other chalcogen elements. One
of the principle differences between oxide and abgénide glasses is their bandgap
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energy, for example SiOhas a band gap around 10eV, yet chalcogenides have
bandgaps between 1leV and 3eV.[31] Chalcogenidesegagisplay several potentially
useful photoinduced effects including photodarkgiBil] photobleaching,[32]
photocrystallisation,[31] photopolymerisation,[33)hotodissolution of metals,[31]
photocompaction[34] and photoinduced anisotropy.[3hotodarkening written
waveguides in a chalcogenide thin film have beeswshto exhibit strong self phase
modulation.[35]

Chalcogenide glasses transmit to longer wavelengthise IR than silica and fluoride
glasses. Chalcogenide glasses based on sulpheniwsal and tellurium typically
transmit up to around 10, 15 and 20n respectively.[36] This long wavelength
transparency enables chalcogenide glasses to hseditifor several applications
including thermal imaging, night vision, CO and £i@ser power delivery, radiometry
and remote chemical analysis.[37] Chalcogenidee$ibare well suited for chemical
sensing since most molecular species vibrate inRhegion. Chalcogenide fibre based
reflectance probes have been used to detect corgatsiin soil and distinguish various
tissues and organs in bio-medical samples.[36]@igainide glasses often exhibit a low
phonon energy, this allows the observation of aettansition in rare earth dopant that
are not observed in silica. For example it is \afy impossible to measure 1;3n
fluorescence from th&3, — Hs transition of P in silica-based glass, but it has been
observed in tellurite-based glass [38] and galllanthanum sulphide (GLS) glass.[39]
The low phonon energy of chalcogenides can be thitoo§ as resulting from the
relatively large mass of their constituent atomd #re relatively weak bonds between
them. Chalcogenide glasses have a nonlinear refeagtdex around two orders of
magnitude higher than silica. This makes them Blatdor ultra-fast switching in
telecommunication systems. An efficient optical Kehutter with a ps response time
has been demonstrated in 48 cm ofRdibre.[40] Table 1.1 compares some important
optical properties of silica with ZBLAN, AS; and GLS glass. The table shows that the
chalcogenides AS; and GLS have a high linear and nonlinear refracimdex, a low
phonon energy and longwave IR transmission comparsiica and fluoride glass.

TABLE 1.1 Optical properties of silica, ZBLAN, AS; and GLS glass.

Optical property Silica[41] | ZBLAN[42] | As,;S5[34] | GLS[34, 43]
Refractive index (at 700 nm) 1.44 1.48 2.50 2.48
Nonlinear index (18° ¥ W™) 2.5 ~2 250 300
Transmission windowufmn) 0.16-2.0 0.22-4.0 0.7-10 0.5-10
Phonon energy (ch) 1150 600 360 425
Zero dispersion wavelengthrf) 1.3 1.6 5.5 4
dn/dT (10° K™ 1.2 -1.5 - 10
Fibre attenuation at 145m 0.19 0.24 220 1500
(dB kmi?)
Fibre attenuation at pm NA NA 0.2 0.3
(dB kmi?)
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1.2 Gallium lanthanum sulphide (GLS) glass

The glass forming ability of gallium sulphide amshthanum sulphide was discovered in
1976 by Loireau-Lozac’let al[44] GLS glasses have a wide region of glass foionat
centred about the 70&# : 30LaS; composition and can readily accept other modifiers
into their structure.[24] This means that GLS carncbmpositionally adjusted to give a
wide variety of optical and physical responses. Egample the addition of CsClI
increases the thermal stability region of GLS[4B¢ dhe addition of L improves
thermal stability, increases visible transmissiod decreases OH impurity levels.[46]
It is necessary however to add a small percentggieally 2% by weight, of lanthanum
oxide to form a glass. Without this oxide, whetadded intentionally or as an impurity
in the precursors, crystallisation of the glassaigproblem and glass formation is
hindered.[16] GLS has a high refractive index of4;2 transmission window of ~0.5-
10 um and a low maximum phonon energy of ~425'¢84] GLS glasses have a high
dn/dT and low thermal conductivity, causing strahgrmal lensing, thus they are not
suitable for bulk lasers. However, the high glaasgition temperature of GLS makes it
resistant to thermal damage, it has good chemigadhdity and its glass components
are non-toxic.[24]

Because of its high lanthanum content GLS has extelare-earth solubility. A high
solubility of the ion is not required for the glasssupport a lasing ion, but dispersion of
the ions in the glass matrix is required to allevieross quenching.[47] This property
motivated much of the original interest in GLShe fquest for a rare-earth host for solid
state lasers. Laser action at 1075 nm has beenrdrated in UV laser written channel
waveguides in neodymium-doped GLS.[48] Other acaivea of research into GLS
include its acousto-optics properties, IR lens mmg), 2.9um Er:YAG laser power
delivery for dentistry applications, nonlinear naigesonators and electrical and optical
data storage utilising the change in resistivityg aeflectance of GLS in its crystalline
and vitreous phase respectively.

1.3 Transition metal dopants

Solid state lasers that use transition metals @sthive ion have a long history and can
in fact be traced back to the first demonstratibtaser action — the chromium doped
ruby laser. Figure 1.2 shows the tuning range eérle based on various first row
transition metals in crystalline hosts. The figgh®w an almost continuous coverage of
laser wavelengths from 600-4500 nm that is avasldbbm lasers based on nickel,
vanadium, titanium, cobalt and iron active ions;jckhillustrates the huge potential of
these elements for active optical devices. Aparinflbeing of considerable academic
interest, the demonstration of laser action from ohthese elements in a glass host
would have important implications for other opticivices in that it could lead to a
broadband gain medium that could be incorporatederisting fibre and planar optical
devices.

To date there has been no demonstration of arbisttransition metal laser that uses
glass as a host. The high maximum phonon energylich makes it one of the more
unlikely candidates for the host material. Chalcode glasses have low maximum
phonon energies due to the relatively large atoméss of the constituent atoms. In
particular GLS has a maximum phonon energy of 4@5[84] This low maximum
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phonon energy allows emission from transition mdtglants which are weakly or not
at all observed in silica. This is because its é@igimaximum phonon energy increases
the probability of non radiative decay from excitethtes. Of particular interest is
vanadium doped GLS (V:GLS) which exhibits a broaftared emission peaking at
1500 ~nm with a FWHM of ~500 nm.[49] Close examimatof figure 1.1 indicates
that if an optical amplifier could be fabricatedbrn V:GLS it could have a gain
bandwidth that covers the entire low loss windowib€a.

Fé*znseT -
Ccr?*:Cdy.55Mng 45Te ] _
Cr2+:ZnSe' _
CoPMgFs I

NiZ+MgF* | ]
| |

|

i
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V2 Mgy [ |
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Wavelength (nm)
FIGURE 1.2 Overview of the tuning range of seledtadisition metal doped
ion lasers, * these lasers operate at low tempersait{2-13].

1.4 Waveguide technology

Most practical optical devices require a waveguwflsome form to confine and direct
light signals. Single mode guidance is highly praiide as it avoids dispersion from and
interactions between different spatial modes. @pfibre geometry is frequently used,
however, the fundamental structure of fibres essgntlimits device construction to
one dimension. Waveguides written onto a surfadewal the realisation of two
dimensional optical devices. Waveguides writteroWed surface, such as femtosecond
laser direct written waveguides (see chapter &)walthree dimensional optical devices
to be constructed. Despite a lot of effort it has been possible to fabricate low loss
single mode GLS fibre to date. Single mode UV wnttvaveguides in GLS have been
demonstrated,[34] these are however limited to thmensional structures and the
waveguides are extremely fragile. Femtosecond lasiéing is particularly attractive
because as well as having rapid processing timageguiding structures can be formed
below the surface of the glass enabling 3-D strestuto be fabricated. From
experimental studies of writing waveguides usindsalaser in various glass and
crystalline materials it has been suggested thhtewing a refractive index change
without any physical damage is restricted to glke$s@] The formation of sub
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diffraction limited structures is feasible usingacrused fs laser beam because of the
nonlinear process involved in material modificatidime fabrication of buried fs laser
written waveguides in GLS has been demonstratedid]they show promise for the
development of optical devices based on high quad#veguide structures in GLS.

1.5 Scope of the thesis

This thesis focuses on two different, but completawgn aspects of the modification of

GLS. Firstly the addition of transition metal ioas dopants is examined and their
potential for use as active optical materials iplesed. It is also argued that the

spectroscopic analysis of transition metal iona igseful tool for evaluating the local

environment of their host. Secondly fs laser mediion of GLS is investigated as a
method for waveguide formation. The observatiossggctral broadening indicates that
these waveguides may have applications for nonliopéical devices. The change in

direction of this thesis, from investigating trdims1 metal dopants to fs laser written

waveguides, was compelled by the loss of ORC disscation and characterisation

facilities in a fire. Because of this certain glaasnples could not be fabricated, notably
vanadium doped GLSO and bismuth doped GLS, andinerharacterisations, notably

guantum efficiency, could not be completed onathples.

In this thesis the following are presented forfils time:

» Calculation of the crystal field parameters forransition metal ion in GLS
using the Tanabe-Sugano model

e Calculation of the lifetime distribution in a tratsn metal doped chalcogenide
glass using the continuous lifetime distributiondab

* Quantum efficiency measurement of a transition metain GLS

» X-ray photoelectron spectroscopy measurement ofpamt ion in GLS

» Electron paramagnetic resonance measurement gfantion in GLS

* The emission and emission lifetime of titanium db LS.

» Optical characterisation of bismuth doped GLS.

» Characterisation of fs laser written waveguide& it

* Broadening of an ultra-short pulse in a GLS wavegui

* Loss measurement of a GLS waveguide using the Fdargt technique.

* Index change profile measurement using quantitgblvase microscopy in a
GLS waveguide.

The thesis is structured into seven chapters, dmaduthis introduction, chapter 1.

 Chapter 2 provides sufficient background relatedthe spectroscopy of
transition metal ions for the understanding of ¢bep3, 4 and 5.

» Chapter 3 details the melting procedures for thei¢ation of transition metal
doped GLS and all of the spectroscopic techniqused un the analysis of
transition metal doped GLS

» Chapter 4 presents a rigorous optical charactemsaif vanadium doped GLS
glass. The emission lifetime and its non-exponéntécay characteristics are
investigated in detail. Absorptions from three spllowed transition and one
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spin-forbidden transition were identified. The eneof these transitions was
used to identify the oxidation state and coorderathumber of the vanadium
ion. X-ray photoelectron spectroscopy was usedeatify that vanadium exists
in a broad range of oxidation states in GLS.

» Chapter 5 details the spectroscopic propertiestaiitm, nickel and bismuth
doped GLS. Arguments based on the number of obdetvsorption peaks and
comparisons with dopants in other hosts were usétentify the oxidation state
of these dopants.

« Chapter 6 is somewhat self-contained and describes fabrication and
characterisation of buried waveguides written iBbS glass using 800 nm
focused fs laser pulses. The spectral broadenin@560 nm fs laser pulse
coupled into these waveguides is also reported.

* Chapter 7 draws conclusions and identifies topgiesg might provide the basis
for further studies.
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Chapter 2

Background

2.1 Introduction

The scope of this chapter is to provide sufficieatkground for the understanding of
subsequent chapters. It begins with an introductionabsorption and lifetime

measurements, then an overview of crystal fieldmphevhich describes how the energy
levels of the d orbital split in the presence digand or crystal field is given. Group
theory is then introduced to describe how the laigelof the energy levels of a

transition metal ion is arrived at. Next the singtenfigurational coordinate model is
introduced this is followed by spectral broadenimgchanisms and finally some
important structural properties of GLS are desaibe

2.2 Spectroscopy basics

2.2.1 Absorption measurements

In absorption spectroscopy the experimenter obsemat frequencies of radiation are
absorbed from incident radiation as it passes tgir@usample. If light of frequenaeyis
absorbed, it signifies that an absorbing specighetample has undergone a transition
from a state of energy;Eo a state of energy.land that equation 2.1 is satisfied.[52]

hu=E,-E, (2.1)

Consider the reduction of intensity that occurs nvhght of intensity | passes through a
slab, with infinitesimal thickness dz, of the saeplThe loss of intensity dl is
proportional to the thickness dz and the intensftthe incident light | and is given by:

dl = -aldz (2.2)

Wherea is the absorption coefficient, which depends lmthihe absorbing species and
the frequency of the incident light, and commonés lunits of cm. Integrating both
sides of equation 2.2 gives | as a function ofr€l)I= -az + C. For a sample of
thickness | the difference between the incidergnsity b at z = 0 and the intensity |
that emerges from the sample at z = | is givemigig)l- In(ly) = (-0 + C) - (al + C) =

al, this can be expressed as equation 2.3 whictherwise known as the Beer-Lambert
law.[19, 52]

I, =1,expEal) (2.3)

If the concentration of absorbing species c is nak#o account then equation 2.2
becomes:

dl =-dlcdz (2.4)
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If ¢ is expressed as a number per unit volume thisnthe absorption cross section and
has units of area. Data obtained from the specttopieters used in this study is in
units of absorbance A:

A= Ioglo:—0 (2.5)

T

The absorption coefficierst was then calculated from= A/l. Note the decadic forra
of absorption coefficient is used whexre o/ In10 =0/2.303.

2.2.2 Excited state absorption

Excited state absorption (ESA) occurs when theg@neate k described in section
2.2.1, is not the lowest energy level of the absgrlspecies. In this case absorption
occurs with the promotion of an electron in an &ctistate higher than the initial
excited state. ESA needs to be addressed wherdeoingj a material as a gain medium
for a laser or optical amplifier because ESA catuge parasitic loss of pump or laser
radiation which increases the pump power thresiie®A is a problem for broadband
gain media in particular but it is also likely te belevant for laser ions with multiple
electronic levels, such as erbium or thulium. ESAIsually measured using the pump-
probe technique[53-55] in which the transmissioraofieak probe beam is measured
with and without the presence of a strong pump beam

2.2.3 Lifetime measurements

In lifetime measurements the experimenter obsetliesemission intensity from a
sample as a function of time after an initial exin pulse, which ends at t = O.
Consider the ground state (level 1) and excitete flavel 2) of an absorbing species.
After an initial excitation pulse the populationndéy in level 2 is expressed as N
(number per unit volume). Assuming that no querglan interaction between excited
species occurs themNas a function of time, will decay with an expoti@idecay rate.
The change in population density,Nis the population is transferred to level 1, loan
expressed as:[56]

dN,

dt

=-A, N, (2.6)

Where A; is the rate at which the population is transfeffredh level 2 to level 1. A
has units of 1/time, and is referred to as theatadi transition rate. The solution to
equation 2.6 is:

N, = N; exp(-Ayt) (2.7)

Where N is the initial population density in level 2 at10. Defining a timer, as the
time taken for the population,No decay to 1/e of its original value and consrugr
that the observed emission intensity I(t) is proipoal to the population \ equation
2.7 can be expressed as:

1(t) =1, exp(-t/7,) (2.8)
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Where } is the emission intensity at t = 0. The times referred to as the lifetime of
level 2.

2.3 Crystal field theory

This relatively simple theory was first proposedBsthe[57] and Van Vleck[58] but is
still useful for visualising the electrostatic irdetion between the orbitals of a central
metal ion and the surrounding ligand field. In taydield theory the positive ions are
regarded as point charges and neutral moleculedipa¢es with their negative ends
directed towards the metal. Covalent bonding is metely neglected.[15] The
arrangement of the orbitals in a transition metdl) is illustrated in figure 2.1, adapted
from.[2]

3d electrons

Is-2p
electronic core

N

4s bonding

clectrons
FIGURE 2.1 Orbital arrangement in a transition rhieta.

The 4s electrons are used to form chemical boralgng 3d electrons exposed to the
electric field of neighbouring atoms, this fieldatso called the crystal or ligand field.
Therefore the 3d electrons are strongly affectetidii the strength of the neighbouring
atoms electric field and their arrangement arotedtansition metal ion (coordination).
The angular dependence of the d orbital wave fanatbnsists of five orthogonal sets
of independent orbitals as illustrated in figur@.2T'he five orbitals are degenerate, in
other words they have the same energy in the absdran external electrostatic field.
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FIGURE 2.2 Shape of the five degenerate d orbitdter[14].

When the central metal ion is surrounded by siarldgs, with an axis of symmetry, the
ion is said to be in octahedral coordination, taise is illustrated in figure 2.3

y

(a) (b) (c)
FIGURE 2.3 (a) The arrangement of ligands aroundoann octahedral
coordination. (b) d,.,.,orbital. (c) d, orbital, after[15].

It can be seen from figure 2.3 that electrons m dh,y~ Orbital experience greater
repulsion from the negatively charged ligands tattrons in the g orbital, this has
the effect of destabilising the~gly relative to its energy in the absence of ligaifidee
dy; and dy orbitals have the same spatial orientation redatovligands in the xz and yz
planes of the g orbital and therefore have the same energy. The atbital is
destabilised to the same extent as the.& orbital. Therefore, in octahedral
coordination, the five d orbitals that were oridipahe same energy are split into two
sets, one triply degenerate set @fd, and d, (denoted4y) and another less stable
doubly degenerate set of~gdy»» and dr (denoted g. Figure 2.4 illustrates this
splitting. The energy difference between theand g levels is denoted 10 Dqg and is
called the crystal field splitting parameter.
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FIGURE 2.4 Splitting of d orbitals in an octahedigand field. (a) Free ion. (b) lon
in hypothetical spherically symmetric field. (c)nldn an octahedral field. (d)
Occupation of d orbitals by electrons fof donfiguration in a weak field (e)
Occupation of d orbitals by electrons féradnfiguration in a strong field.

When the central metal ion is surrounded by fageiids, with an axis of symmetry, the
ion is said to be in tetrahedral coordination, tase is illustrated in figure 2.5 which
shows that the triply degenerate set gfdj, and d, orbitals (referred to as orbitals)
are closer to lines connecting the ligands thardthébly degenerate set ofddy~, and
d, orbitals (referred to as e orbitals). Hence therbitals experience a stronger
repulsion than the e orbitals and the order ofgagnévels is inverted relative to that for
the octahedral environment, this is illustratedigure 2.6. The reason why theand e
orbitals take the value of 6 or 4 Dg above or belbes barycentre is simply related to
the fact that the,tand e orbitals are triply and doubly degeneratpeetively. Therefore
the triply degenerate orbital will contribute 3/5 the total splitting and the double
degenerate orbital will contribute 2/5 of the ttplitting.

(a) (b)
FIGURE 2.5(a) The arrangement of ligands around iam in tetrahedral
coordination. (b) d,.,.,orbital. (c) d, orbital, after[15].
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FIGURE 2.6 Splitting of d orbitals in an tetrahddigand field. (a) Free ion. (b) lon
in hypothetical spherically symmetric field. (c)nldn an tetrahedral field. (d)
Occupation of d orbitals by electrons fof donfiguration in a weak field (e)
Occupation of d orbitals by electrons féradnfiguration in a strong field.

In the situation where the TM ion has multiple 3dctons group theory can give a
more accurate representation of how the crysthl &plits the 3d shell. In group theory
the symmetry operations, such as rotations andatedhs, form mathematical groups
which can then be decomposed into the irreduciyeesentations for that symmetry
group. A very useful method of displaying the dejmnce of energy states upon the
strength of the crystal field was developed by Tenand Sugano[59]. In these Tanabe-
Sugano (TS) diagrams, the nomenclature for theowarievels corresponds to the
irreducible representations for the symmetry gr@fipghe ion in question. The TS
diagrams in section 4.16 illustrate how the degaedevels of the 3d orbital split in the
presence of an increasing crystal field strengtdefailed description of TS diagrams is
given in section 4.16.1. In TS diagrams the crystdd strength is denoted Dg/B where
Dq is the crystal field parameter and can be thbujhas a measure of the overlap
between electrons in the 3d orbital and the obitdineighbouring atoms. The mutual
repulsion contribution of the energy levels is egented by the Racah parameter B.
After the crystal field the next strongest intei@atto cause splitting of the energy
levels in transition metal atoms is the spin ontieraction, this is however very weak
in comparison to the splitting caused by the ciyistll. Because of this the designation
of energy levels in transition metals typically s following form:*S*YA. Where S is
the total spin quantum number and A is a letteo@ated with the coordination of the
active ion. However in the case of rare earth itmes opposite is true because the
optically active 4f electrons are shielded from thgstal field by 5s and 5p electrons
causing the crystal field splitting of the energydls to be much weaker than the spin
orbit interaction. Hence the designation of endeyels in rare earth metals typically
has the following form®S**L;. Where S is the total spin quantum number, L éstttal
orbital angular momentum and J is the total angm@amentum. If the value of Dg/B is
known for a particular ion then the position ofetsergy levels can be read from its TS
diagram by drawing a vertical line at the correglue of Dg/B and reading on the Y
axis where the line intersects the energy levels.
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2.4 Group theory

Group theory is an extremely useful technique riterpretation of the optical spectra of
ions in transparent materials. In this work it gplcable in the determination of the
number of energy levels of a transition metal iamelling these energy levels in a
proper way, determining their degeneracy and dstaby selection rules for transitions
between these energy levels.

Consider for example the octahedrally coordinatedimn figure 2.3 (a). If a rotation of
90° is made around the z-axis, the system is iamérirom before the rotation
operation. This rotation is called a (®01) symmetry operation, where (001) denotes
the rotational axis and (4) refers to the/& rotation angle. There are 24 rotation
operations possible which leave the octahedronrigwvta There are also 24 reflection
transformations which leave the octahedron invériaowever each of these symmetry
reflections can be achieved by applying both a sgtmrotation and an inversion to
the octahedron.[60] This gives a larger group ahmsetry operations containing 48
elements. These are 24 rotation operations ancd@dian plus inversion operations.
This set of symmetry operations is referred tohes@, point symmetry group. There
are 32 possible point symmetry groups denoted lgy Skbhoenflies symbols, for
example the point symmetry group for an ideal tetdson is labelled 4T The elements
which bear a relationship to each other comprigeoap. A set of symmetry operation
elements constitute a group if they can be mudigpltogether under the following
rules.[60]

1. The set is closed under group multiplication. 1&Ad B are elements in the set,
then the product AB is also a member of the set.

2. The associative law holds: A(BC) = (AB)C

3. Aunit element e exists, such that eR = Re = Rafiyrelement R

4. For any element R there is an inverse eleméhiRich is also an element of
the set. The inverse element has the property RR'R = e.

Elements A and B are said to be in the same clasgre exists an element R of the
group such that A = RBR For example the 90° rotation of the octahedromstitutes
the class & The six possible operations of classl€ad to the class GCThe various
rotation reflection and inversion operations of @egroup belong to the following ten
different symmetry classes: E, 8€G,, 6C,, 3C’, i. 65, 8%, 30, and @q.[19]

The rotation operation {J001) transforms the coordinates (X, y, z) into-& z). This
transformation can be written as a matrix equgtl®j.

0 -1 0
C,(00D(x,y,2 =(y—x2=(xy,2(1 0 O (2.9)
0O 0 1

Thus the effect of the 48 symmetry operations ef@ group over the functions (X, v,
z) can be represented by 48 matrices. This set &fmhtrices constitutes a
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representation, and the basic functions x, y, aatezcalled basis functions. Each set of
orthonormal basis functiong generates a representatiosuch that

Rg =2 ¢l (R (2.10)

Where R is a symmetry operation ah(R) are components of the matrix. The
representation that involve the lowest dimensionrices capable of representing the
group are called irreducible representations.[183 fiumber of inequivalent irreducible
representations equals the number of classes. dthection of a representation to its
irreducible representations is performed usingaadter table. To construct a character
table for the @ group a suitable set of basis functions are usezke are the orbital
wavefunctions s, p, d... of the ion. The sum of tiegdnal elements of the matrices
that constitute a representation are called thearaxcters. For example the character of
the matrix in equation 2.9 is 1. The character espnts the number of orbitals that
remain unchanged by a particular symmetry opera#dinof the information needed
for a symmetry operation is contained in the charaits associated matrix. Thus the
character table for a point group contains all ittfermation needed to describe it. A
character table of the@roup using orbital wavefunctions as basis fumis given in
table 2.1.

TABLE 2.1 A character table of the,@roup, after[19].

On E [8CG | 6C | 6C |3Cy| . 6S | 8% | 3o | 60gq | Basis function

A | 1 1 1 1 1 1 1 1 1 1 S

Ay | 1 1| 1] 1 1 1| -1 1 1] -1

Es | 2| 1] o] o] 2| 2| o] -1 2] o Qok*°

Ty | 3 0| -1 1| -1| 3 1 o] -1 -1

T | 3 0 1| 2| 1] 3| -1 o] -1 1 {gdy,,dyy)

An | 1 1 1 1 1 1) -1 -] 1] -1

Aw | 1 1| 1] 1 1 1) 1| -1 -1 1 o

E.| 2| 1] O 0 2 2| 0 1| -2 0O

Tw | 3 0| -1 1| -1| -3 -1 o© 1 1 {®,.P.)
(AR

Tou | 3 0 1 1] 1] 3] 1 0 1] -1 29,

fy(50).f05)

The irreducible representations which corresponihéovarious energy levels of an ion
with O, symmetry are given in the left column of table adcording to Mulliken
notation. The dimension of the matrices for eaokducible representation is given by
the corresponding character in class E. The suydiscu and g indicate whether an
irreducible representation is anti-symmetric (u) symmetric (g) in respect to the
inversion operation i.
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2.5 The single configurational coordinate model

The single configurational coordinate model (SCCM)a very useful model for

analysing and interpreting the transitions withiansition metal ions. Consider an
optically active ion (A) in a transparent host matleconsisting of ions (B). The A ion

will be surrounded by a number of B ions belongtagthe host material. This
environment is dynamic because the A and B ions foart of a vibrating lattice. Also

consider that the optically active ion A is couptedthe vibrating lattice. This means
that neighbouring B ions can vibrate about someaaae point and this affects the
electronic states of the A ion.[19] The SCCM is emgent on two main

approximations:

 The ions move very slowly in comparison to the waé electrons, this
approximation is reasonable because the nuclemach heavier than electrons
and therefore move on a much slower timescale.

« The movement of the ligand B ions is consideredaasingle symmetrical
‘breathing’ mode. In this case only one nuclearrdo@te, which corresponds to
the distance A-B, is needed to describe the pwositib all the ligands. This
coordinate is called the configurational coordin@te

The potential energy curves for the ground stdezif@nic state a) and an excited state
(electronic state b) for the one-coordinate dynamentre A are represented
diagrammatically in the SCCM in figure 2.7. Thesetgmtial energy curves are
approximated by parabolas according to the harmosadlator approximation. In this
approximation the B ions pulsate in harmonic ostdh around the equilibrium
positions.[19] The horizontal lines on each potdregnergy curve represent the allowed
vibration modes or phonon levels. For the harmascillator of electronic state a at
frequencyw, the permitted phonon energiesdte given by

E, :[n+%jha) (2.11)

Where n = 0, 1, 2... and so on. Similarly for elentcostate b, which may have a
different harmonic oscillator frequency, the all@yghonon levels are characterised by
m =0, 1, 2... and so on. The probability distribatin each of these phonon levels is
given by the square of its oscillator function. $&eprobability distributions are
represented very approximately by the red curvesamh of the phonon levels. These
distributions show that in the lowest phonon letve probability distribution is centred
around the equilibrium position and in higher orge#ronon levels the maximum
amplitude probability occurs where the phonon lewbss the potential energy curves.
This has a strong influence on determining the §hapes of absorption and emission
spectra. The Frank-Condon principle states thatreleic transitions are most likely to
occur when two vibrational wavefunctions overlapd aat they are very fast in
comparison to the motion of the lattice. This implithat electronic transitions can be
represented by vertical lines, as in figure 2.7.
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FIGURE 2.7 The single configurational coordinatedelp showing how
phonon assisted absorption gives rise to absorpitienshapes and the
mechanisms for phonon assisted non-radiative decay.

The peak in the absorption band occurs at an englgye the overlap between the
probability distribution in the phonon levels is atmaximum, which is illustrated in
figure 2.7 by the transition,ESimilarly the peak in the emission band corresigoto
the transition E The difference between the absorption and enmgséaks (E- E) is
known as the Stokes shift (SS), i.e. SS;= E.. It should be noted that the equilibrium
position coordinates & and QP are different for the electronic states a and his T
reflects the difference in electron-phonon couplibgtween the two states. The
dimensionless Huang-Rhys parameter (S) quantifissdifference in electron-phonon
coupling and is given by

5= Fus (2.12)

Where Eis is defined in figure 2.7 aritlo is the energy of the breathing mode vibration.
The Huang-Rhys parameter is related to the Stdk#dy

SS=E, -E, = (2S-)hw (2.13)
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The absorption band shape, induced from phenontlestrated in the SCCM in figure
2.7, is due to overlapping occurring between thgrational m states and the n = 0
phonon level, which would occur at very low temperas (~0 K). The transitions n =0
< m = 0 are termed zero phonon lines (ZPL) as tleeyiowithout the participation of
phonons. ZPL are characterised by relatively naidnogvwidths which, disregarding the
effect of the host, is the natural linewidth disses$ in section 2.6.1. These transitions
can commonly be observed in the low temperaturerpgbien and emission spectra of
transition metal doped crystals, as ii"\doped ZnSe for example.[61] However they
are rarely observed in transition metal doped glsbecause of the greater
inhomogeneous broadening in these hosts. It caseba from figure 2.7 that for
sufficient S no ZPL will be observed.

Once in an excited state, the ion A can reachrsigd state through the emission of a
photon (radiative decay) or through the emissiomploénons (non-radiative decay).
Non-radiative decay can be accounted for by the Cillustrated in figure 2.7. For
sufficiently large S, excitation from the groundtst results in the population of higher
order phonon modes in the excited state. Theseehmaler phonon modes can coincide
with the crossing of the potential energy curveexdited stat@a andb and therefore
the system can relax through the phonon levelsaftez state a. If the populated higher
order phonon modes coincides with the proximitytlog potential energy curves of
excited state a and b then the same process may lmgtunnelling.

2.6 Broadening mechanisms

The SCCM shows how various absorption and emisi®@s are generated from the
overlap between probability distributions in phorlemels of the ground and excited
state. In a real system these absorption and emifise are usually broadened further.
The mechanisms responsible for this broadening bancategorised as either
homogeneous or inhomogeneous.

2.6.1 Homogeneous broadening

Homogeneous broadening is an increase in absorgtidremission linewidth caused by
phenomena that influence each ion equally. The faestamental of the homogeneous
broadening mechanisms is the natural, or minimungwlidth. This arises from the
Heisenberg uncertainty principle which states that uncertainty in determining the
energy widthAE of an energy level that has a minimum uncertamtys lifetimeAt, is
obtained from the relationshikE =h/ At.[56]

Another type of homogeneous broadening is causembliigions between phonons and
optically active ions. These collisions can causieerease in decay lifetime when the
phonons “knock” an electron from the excited stiadore it has the opportunity to

radiate spontaneously.[56] Dephasing collisionsvben phonons and optically active
ions can also occur; these collisions interrupt fiase of radiating ions without

increasing their population decay rate. Consequé@athporal coherence is reduced and
the emission linewidth is broadened.[23]
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2.6.2 Inhomogeneous broadening

Inhomogeneous broadening arises from the rangecaf environments experienced by
different ions. This range of local field environm is the manifestation of a variety of
crystal field strengths, coordination number, syrmnand proximity to defects. Crystal
hosts have a relatively ordered structure; theeefmhomogeneous broadening is
relatively weak and arises principally from defeatsl strains in the crystal. In glass
hosts inhomogeneous broadening is relatively stnwhigh causes the absorption and
emission spectra of ions in glass hosts to haveactexistic broad linewidths. This
strong inhomogeneous broadening is related to dafmental characteristic of glasses,
this is their disordered structure. Inhomogeneaoadening results in the superposition
of a range of homogeneously broadened lines whecteigites the observed absorption
and emission spectra of an ion.

2.7 Selection rules

Since electric dipole processes dominate over magmi#pole transition strength,
magnetic dipole transitions are neglected in thiscuksion. For electric dipole
interaction the rules for allowed transition aré]j[6

* No change in spin, i.AS=0

* The change in angular momentwi is +1

* The change in total momentutd is O, £1, but notJ=6-J=0
* No change in parity

Radiative transitions in the transition metal ionsolve electrons in the same "3d

configuration, electric dipole transitions are radfowed between these equal parity
states and mixing of the higher lying 4p odd pasitgtes is required for electric dipole
transitions to occur. The mixing of different pgrgtates is permitted when inversion
symmetry of the crystal field is broken, either dy asymmetric distribution of ligands

around the ion or a distortion of the symmetry lolgl goarity phonons. Electric dipole

transitions, due to mixing by odd-parity phonong, ealled vibronic transitions and are
more common in transition metals than rare eartalise of the stronger electron-
lattice coupling.[62]

2.8 Structure of GLS

This section gives a brief general descriptionhaf structure of glass, some structural
phenomenon relevant to chalcogenide glasses and stroctural properties of GLS
glass relevant to the discussion in section 4.7.

2.8.1 General structure of glass

Glasses can be thought of as having a disorderedste since unlike crystals they do
not have long range order. However, there is ugslbrt range order present in that
each constituent ion has a specific number of dgaithis description of glasses forms
the basis of the continuous random network modesf proposed by Zachariasen in
1932.[63] Constituents of glass are generally ahdichto two broad categories: network
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formers and network modifiers. Network formers t@nthought of as the backbone of
the glass structure through an interconnecting owf polyhedra. For example, SiO
ZrF, and Gag are the network forming polyhedra for silicateoflazirconate and GLS
glass, respectively. Network modifiers take upitherstitial space between the network
forming polyhedra, breaking up the periodicity apikventing crystallisation. For
example Al, Ba and L&; are network modifiers in silicate fluorozirconaied GLS
glass, respectively.[62]

2.8.2 Chalcogenide glass

Chalcogenide glasses can be either stoichiometriton-stoichiometric. The structure
of arsenic chalcogenides can be characterised rinst@f the correlation between
hetropolar (arsenic-chalcogen) and homopolar (arsesenic, chalcogen-chalcogen)
chemical bonds. For example in the stoichiometrisS& glass the concentration of
homopolar bonds is 10-35%.[64]

2.8.3 GLS glass

A study of the structure of bulk GLS glass usingeered x-ray fine structure
spectroscopy (EXAFS) has been presented by Benatedl{65] The Ga-S distance
was reported to be 2.26 A which is characteristia covalent bond and therefore GaS
units were identified as the glass forming unitenmparisons between the Raman and
IR spectra of crystalline and amorphous GLS alsticate the presence of GaS
structural units.[66, 67] In contrast, the crys&ES; presents many crystallographic
sites and dispersed Ga-S distances.[65] The staucdtuthe crystal G&; is shown in
figure 2.8. Three sulphur atoms are bound to thedum atoms. Two of these sulphur
atoms (o) are each engaged in two covalent bonds and aneedsond ($) with three
surrounding gallium atoms. The remaining sulphoma{S) is the usual bridging atom
as it is bound to two gallium atoms.[34]

G G
8

R
S

o

FIGURE 2.8 The covalent gallium environment of tngstalline
GaS;, after [65]

Such an environment of sulphur atoms, where mosthefn present coordination
numbers greater than two, is not usually knownlasgy sulphides. And indeed, it is
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impossible experimentally to obtain an amorphousicttire from pure G&;.[65]
Because of this a network modifying agent is regplifor glass formation. The main
network modifier in GLS is LH[68] which is 8 fold coordinated to sulphur with an
undetermined symmetry.[69] Ga&etrahedra are formed from the reaction otSza
crystal with sulphur anions t$ brought by the addition of LSs.[16, 65] These sulphur
ions break the GaS dative bonds, characteristic of the crystallihage, which forms
some Gagp tetrahedra with a negative charge (figure 2.9. (&))ese negative ionic
cavities form some reception sites for'Lans, which act as charge compensators for
these negative charges.[16, 68]. GLS also contair@mall quantity of Ga-related
tetrahedra, containing at least one threefold doatdd oxygen atom linked to three
tetrahedra. Thus in GLS there is both an oxideasdIphide environment for the 1a
ion.

(a) ) _

e
H

(S)

“Sulphide” negative cavitie:

praites

“Oxide” negative cavities

FIGURE 2.9 Formation of sulphide negative cavit{ed3 and oxide
negative cavities (b), after[16].

When LaS; is substituted by L®s; to form GLSO it is expected that the reaction will
be that same as in figure 2.9 (a) but with @placing § anions, as illustrated in figure

2.9 (b). Thus in GLSO reception sites for the’’Lin are predominantly oxide in

nature.[16] However, it is proposed that a smadirgity of sulphide sites exist in GLSO

in order to explain the two lifetime componentseaed in titanium doped GLSO, see
section 5.2.4. This leads to a model the GLS aystewhich a covalent network of

GaS tetrahedra are inter-dispersed by essentiallibatS channels.[65, 68, 69]



Chapter 3 Glass melting and spectroscopic techsique 22

Chapter 3

Glass melting and spectroscopic techniques

3.1 Introduction

The first part of this chapter details the meltipgocedures for the fabrication of
transition metal doped GLS, in particular, vanaddmped GLS. Other authors, notably
Mairaj[34] and Brady,[70] have carried out a veryhaustive analysis of the raw
material purification and glass melting proceddogsGLS. The fabrication of transition
metal doped samples examined in this work used roétlye technigues developed by
Mairaj and Brady without further enhancement; thesehniques are therefore only
briefly summarised. Detailed in this chapter ardtimg procedures developed for the
fabrication of low doping concentration transitiovetal doped GLS glass. The second
part of this chapter details all of the spectrogcapchniques used in the analysis of
transition metal doped GLS in sufficient detail tbe reader to understand, critique and
repeat them. A brief introduction to each specwpgctechnique is given. Absorption,
Raman, XPS and EPR measurements were taken on coialye manufactured
equipment since they were available with the remlispecifications. The lack of
commercially manufactured equipment with the respiir specifications for
photoluminescence, excitation, lifetime and quantfficiency measurements meant
they were taken on in house equipment. The in hegsgpment may not have been
able to compete with commercially manufactured ioexs were they available, in
repeatability but they did allow a degree of fuontlity and specialisation not possible
with a manufactured system.

3.2 Glass melting procedures

3.2.1 Batching and melting details of transitiontahedoped GLS samples

Raw material purity is particularly important fdanet synthesis of GLS glass, as ion
concentrations as low as 1ppm can result in stedisgrption signatures.[70] Hydroxyl
impurities are also detrimental to the optical srarssion of GLS and the quantum
efficiency of doped samples; to that end water sd¢ede eliminated both from the raw
material and the synthesis process as much adfmsEhe precursor materials required
for the production of GLS glass are: gallium sulfghGGaS, (this comes in three phases
GaS, GgS; and GaSs) lanthanum sulphide L&;, and lanthanum oxide k@s. These
melt materials are not available from any suppdiethe desired purity, however their
precursors (gallium metal, lanthanum halides argegas hydrogen sulphide) are. So
gallium and lanthanum sulphides were synthesiseabuse from gallium metal (9N
purity) and lanthanum fluoride (5N purity) precuison a flowing HS gas system. It
may be possible to use chlorides as precursorselsearches who developed the GLS
fabrication process[34, 70] chose to use galliuntainend lanthanum fluoride because
they were the highest purity precursors availabléae flowing system sweeps the by-
products of the reaction out of the hot zone, prerg them from reacting, and by Le
Chatelier’s principle shifting the position of eljoiium to (as much as 100%) favour
the sulphurised product.[34] This principle canilhestrated by imagining the reaction
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between gallium and hydrogen sulphide occurring isealed container, in this case
gallium and hydrogen sulphide will react to givdligen sulphide and hydrogen but
gallium sulphide and hydrogen will also react teeggallium and hydrogen sulphide,
this reaction can be written: Ga #5 Ga§ + H, Both these reactions will occur until
some equilibrium position occurs, now if the hydengs swept away there will be none
to react with the gallium sulphide so the reactial be: Ga + HS — GaS +H21. So
the equilibrium position of the reaction will nove lfalmost) 100% in favour of the
sulphurised product. Lanthanum sulphide and galsutphide powders were processed
at 1150 °C and 965 °C respectively. Before sulghtion lanthanum fluoride was
purified and dehydrated in a dry-argon purged foenat 1250C for 36 hours to reduce
OH' and transition metal impurities. The lanthanundexand transition metal sulphides
and oxides were purchased commercially and usdubutitfurther purification.

Batching of the melt components was carried ou iy nitrogen purged glovebox.
The nitrogen source was cryogenic grade and wesdd by a molecular sieve and
Millipore™ particle filter (0.5um). Moisture levels were routinely measured with th
aid of a dewpoint meter and were < 1 ppm. Melt congmts were batched into vitreous
carbon crucibles using plastic spatulas; the spatwere changed for each material to
minimise contamination. Melt components were wedghsing a scale with a resolution
of 0.001g. Batches were then transferred to theafter using a custom built closed
atmosphere transfer pod. All glass melt processescarried out in a dry argon
(moisture < 1 ppm) purged, silica lined furnaceros LTF 6/50/610). This method
was chosen in favour of the sealed ampoule metkoduse volatile impurities such as
OH' are carried downstream away from the melt andusscaf safety concerns of the
ampoules exploding. The precursors were melted 3°C for around 24 hours with an
initial ramp rate of 2C min* and a constant argon flow of 200 ml fhirfThe melt is
rapidly quenched to form a glass by pushing thesibte holder into a silica water
jacket. The quenching process is designed to ptemsmstallisation of the glass by
rapidly increasing the viscosity of the glass tlgiouapid temperature drop, hence
arresting the nucleation and growth of crystals.

It was found that several attempts at melting glagsd due to the melt components not
fully reacting when gallium sulphide was placedhe crucible first. Glass melts were
more successful when gallium sulphide was placetdrcrucible last.

TABLE 3.1. Melting point and density of various mebmponents[20].

Melt component Melting point(°C) Density (kg nt)
GaSs 1090 3700
GaS 965 3860
LayS; 2110 4900
La,O3 2315 6500

This is believed to be because gallium sulphidethadowest melting temperature (as
shown in table 3.1) of the melt components; so anekted the gallium sulphide will be
able trickle through the other melt components r@adt with them more effectively if it
is placed in last. The dopant was placed in-betwhernmelt components to minimise
the amount of dopant that could stick to the sithe crucible or react with the flowing
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argon atmosphere of the furnace. Hence melt conmpeneere added to the crucible in
the following sequence: lanthanum oxide, lantharsuiphide, transition metal dopant
then gallium sulphide. The transition metals angirtikompounds, that were used to
dope GLS glass for this study, are detailed inet&o2

TABLE 3.2. Transition metals dopants and their compuds.

Transition metal dopan Compound Supplier Purity (%)
vanadium V,S;, V.05 Cerac 99.8, 99.9
chromium CsS3 Cerac 99

titanium TIS, TSz Johnson 99.95
Matthey
nickel NiS Cerac 99.9
iron FeOs Merck 99
cobalt Cog CoS Cerac 99.5
bismuth B}S3 Cerac 99.9

3.2.2 Batching and melting details of vanadium ab@&S samples

Because vanadium doped GLS has been studied in deiaedl than other transition
metal dopants in this study, the fabrication predes vanadium doped GLS samples is
detailed in this section.

Initial samples of vanadium doped GLS were batdhech the melt components in the
molar percentages specified in table 3.3 the cdragon of vanadium ions is also
given.

TABLE 3.3. Molar percentages of melt componentsitidral vanadium doped GLS melts.

Melt code GaxSy La,S; La,O; V,S; \VAu
(Yomolar) (Yomolar) (Yomolar) (% molar) (% molar)
LD1175-C 64.55 30.38 5.054 0.0083 0.015
LD1257-1 71.15 24.00 4.73 0.054 0.108
LD1257-2 69.62 23.85 6.01 0.259 0.518
LD1257-3 69.72 23.19 6.05 0.519 1.038

Given the 0.001 gram resolution of the weighinglessawhich gave a molar %
concentration resolution of around 0.015% for ag2@m melt, a method was devised
for giving greater control of the amount of dopanhtow concentrations. To accomplish
this a high doping concentration glass of arourisl %. molar vanadium was melted
first, this is referred to as the dopant glass. Togpant glass in the appropriate
proportions was then re-melted with the melt congm® to produce low doping
concentration glass. Two vanadium compounds witfergint oxidation states were
used; Sz with vanadium in a 3+ oxidation state andOy¢ with vanadium in a 5+
oxidation state. This was done in order to deteenifirihe initial oxidation state of the
vanadium dopant would affect the optical propertiethe glass. Copper and silver co-
dopants have been shown to enhance the emissizanatlium doped CdS, ZnS CdSe
and ZnSe by up to a factor of 10, this was attaduty the authors to copper and silver
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helping to incorporate vanadium in the trivalermtsi71] Copper and silver co-dopants
were used with V:GLS in order to determine if teffect would be observed in the GLS
system.

Tables 3.4-3.6 show that composition of the dopgdasses and the glasses they were
used to produce. Vanadium ion concentration is rgias V" because as detailed in
chapter 4, although the optically active ion isugbt to be V', vanadium exists in
several oxidation states in the GLS system.

TABLE 3.4. Molar percentages of melt components‘flmpant glasses”.

Melt code GaxSy La,S; La,O; V,S; V,0s \VAu
(%omolar) | (Yomolar) | (%omolar) | (% molar) | (% molar) | (% molar)
LD1283-1 69.98 21.25 5.93 0 1.42 2.84
LD1283-2 70.17 21.31 5.95 1.29 0 2.58
LD1283-3 75.49 0 21.87 0 1.32 2.64
LD1283-4 75.65 0 21.92 1.21 0 2.43

TABLE 3.5. Molar percentages of melt componentsv@amadium doped GLS glass doped with
“dopant glasses” and co-doped with copper andrsilve

Melt code | GaxSy | La,S; La,O; Dopant CuS AQ.S \VAu
(Yomolar) | (%omolar) | (Yomolar) | glass (Yomolar)| (Yomolar)| (Yomolar)

(% molar)

LD1285-2| 67.49 22.99 5.78 LD1283+20 0 0.0977
(3.64)

LD1285-3| 67.63 23.10 5.78 LD1283-10 0 0.0983
(3.39)

LD1285-4| 67.48 22.92 5.78 LD1283+20 0.05 0.0979
(3.63)

LD1285-5| 67.52 22.92 5.79 LD1283-20.05 0 0.0978
(3.63)

TABLE 3.6. Molar percentages of melt components \fanadium doped GLSO glass doped

with “dopant glasses”.

Melt code GaxSy La,S; La,O; Dopant glasg V**
(Yomolar) (Yomolar) (Yomolar) (Yomolar) (Yomolar)
LD1284-1 74.619 0 21.652 LD1283-3 | 0.0970
(3.62)
LD1284-3 74.384 0 21.59 LD1283-4 | 0.0963
(3.93)
LD1284-4 76.871 0 22.299 LD1283-4 | 0.0199
(0.81)
LD1284-5 76.915 0 22.318 LD1283-3 | 0.0199
(0.74)
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3.3 Spectroscopic techniques

3.3.1 Absorption spectroscopy

When the frequency of light incident on a solidasonant with an electronic transition
between two energy levels intrinsic to the mateamincrease in absorption is observed.
Hence an absorption spectroscopy can be used be phe energy level structure of a
material

Absorption spectra were taken on a Varian Cary §i#trophotometer which operates
over a range of 175-3300nm with a resolution oflafn in the UV-VIS region and
+0.4nm in the infrared region. A basic schematfithe optics in the Cary 500 is shown
in figure 3.1; the inset shows the chopper bladee €ection of the chopper is mirrored
and reflects the light beam, one section of theppko is cut-out and allows the light
beam to pass, and one section is matt black. Tbiwsalight to be directed alternately
to the sample and reference beams. The matt b&atios of the chopper allows the
grating to move to the next wavelength and enabtesection for dark current. The
system then compares the intensity of monochromagid transmitted through the
sample with the reference beam, 100% transmisswnzaro corrections are taken to
account for system response and dark noise. Samplesheld vertically in a V groove
against an aperture 3mm in diameter, the referdigaam also passed through an
aperture 3mm in diameter.

Lamp
/ Gratings
oy
T 1
............................. R
: surface i
: Cut out
Chopper v °
__Sample .
aperture Reference : Mirrored
e aperture : urf:
Sample : surrace
Chopper blade

N 7
FIGURE 3.1 Basic schematic of the optics in theiadaCary 500 spectrophotometer.
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The Cary 500 uses two gratings to produce monodionlight: a 1200 line/mm
grating which is used when scanning 175 - 800 nchaB00 line/mm grating which is
used when scanning 800 — 3300 nm. Two lamps atitabla a deuterium lamp (below
350 nm) and a tungsten halogen lamp (above 350 mh®. detectors used are a
photomultiplier tube (below 800 nm) and a thermotele cooled PbS detector (above
800 nm). The change of grating and detector at @@0causes a small but sudden
increase in transmission at 800 nm that was noayawlully corrected for by the
background scan. To overcome this, the increasdransmission observed was
subtracted from wavelengths > 800 nm.

Samples that were cut and polished into thick dmma $amples with thicknesses ef |
and } allowed reflection corrected absorption coeffitispectra to be calculated using
equation 3.1.

a. ()= 2N AN )

|1_|2

Where a(1) is the reflection corrected absorption coeffitispectrum andy (1)is the
absorbance spectra of a sample of thickness |

3.3.2 Photoluminescence spectroscopy

Similarly to absorption, photoluminescence can Beduto probe the energy level
structure of a material, however in the case oft@hminescence light is absorbed by
the material (usually at one wavelength) excititgcteons (usually from the ground

state) into higher energy levels. The electrons tiedax back down to the ground state
in a spin-allowed transition, called fluorescermein a spin-forbidden transition, called

phosphorescence. Photoluminescence spectra weee taith the equipment setup

illustrated in figure 3.2.
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FIGURE 3.2. Photoluminescence spectroscopy equipsstap.

Various laser excitation sources were used to pltaotoluminescence spectra. These
were: an Amoco Laser Company ALC D500 1064nm Nd:YlA&er, Thorlabs 830 808
and 658 nm diode lasers, 633 nm HeNe laser anflizheam line from a Spectraphysics
Ar ion laser. The laser beam was then chopped aicitec optical chopper and a
reference signal is sent to a Stanford researdiersgsSR830 DSP lock-in amplifier in
the form of a square wave reference signal. Ther lasam then hits the sample at a
shallow angle, such that most of the reflectedrldigt does not hit the CaHenses
which are used to collimate and focus the fluoreseeinto a Bentham TMc300
monochromator. The TMc300 incorporates three ggatiomounted on a single
motorised turret, the gratings used were a ruléddftoove/mm, 600 groove/mm and a
150 groove/mm with useable wavelength ranges &-0.8:m, 1-2.7um and 2.5-Gim
respectively. The TMc300 has an aperture ratio/4flf a resolution maximum of
0.1nm and a dispersion of 2.7nm/mm. The exit baam the monochromator is picked
up by a EG&G optoelectronics J10D liquid nitrogemmled InSb detector which sends a
reading to the lock-in amplifier via a preamp orébiMewport 818-1G InGaS detector. A
long pass filter with an appropriate cut off wavejth was used to cut out the laser light
but allow photoluminescence into the monochromator.

The system was corrected for the wavelength depgnsponse of the gratings,
detectors and other system components by pas&aymtham IL6 quartz halogen white
light source of known spectral luminance along tbeam path taken by the
luminescence; this gave a spectrum of the whitet ligsponse of the systemyR)).
Care was taken to place the white light sourcel@eas possible to the source of the
photoluminescence, i.e. the sample, since it wasddhat if the beam path of the white
light source was much larger than that of the phat;mescence features in the
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photoluminescence spectra caused by atmospheriorpgiost would be “over
corrected”, as illustrated in figure 3.3.

Emission intensity (A.U.)

11 — Optimally corrected photoluminescence spectra
—— Qver corrected photoluminescence spectra \\

O T | T T T T | T T T

| T T T | T T
1200 1400 1600 1800 2000

Wavelength (nm)

FIGURE 3.3. Optimally and over corrected photoluesicence
spectra of vanadium doped GLS.

The intensity of the white light source was attéadausing an aperture, so that it was
as close as possible to the intensity of the spetctrvas correcting for while still having
a reasonable signal to noise ratio. This was danerder to minimise any deviation
from linearity which was <0.5% for the Newport 88 and <1% for the JD10 InSb
detectors; it also kept the detectors away fronr Sa&uration region where the response
becomes nonlinear.

The spectrum of the white light source was obtaibhgdapproximating it to a black
body emitter at its specified colour temperature3200 K. The correction spectrum
(C(»)) was then calculated using equation 3.2.

27hc®R, (A) 32
hc ) :

C(A) = S
/]56 kAT

Where h is the Plank’s constant, k is the Boltzmemmstant, c is the speed of light, T is
the temperature, which was set at 3200 K, ap@Ris the white light response of the

system. The correction curves, for the various eystconfigurations used, are
illustrated in figure 3.4.
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FIGURE 3.4. Correction spectra for various systemfigurations
(all with 600 line/mm grating); filter 28 is a 1200n long pass
filter.

3.3.3 Photoluminescence Excitation Spectroscopy

Normally, photoluminescence (PL) spectra are obthiat a fixed laser excitation
energy. The photoluminescence excitation (PLE) tspetis, however, obtained by
detecting at a fixed emission energy and varyirgethergy of the exciting light source.
In this way the absorption of the exciting lighihdae probed, but the signal detected is
dependent on absorption which leads to emissiok $fiectra can elucidate absorbing
transitions that are obscured in absorption spd&cause the detected radiation can be
at an energy which is transmitted by the sample aedkly fluorescing absorptions
such as a band-edge are not detected. PLE spdstrainglicate which excitation
energies will give rise to photoluminescence ateéhergy being detected in the PLE
spectra.
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FIGURE 3.5. Photoluminescence Excitation spectneg@muipment setup.

Photoluminescence excitation spectra were obtairslg the setup shown in figure
3.5. White light from a Philips 250 W tungsten tggda bulb was focused by a 40 mm
diameter silica lens ¢l into an Acton Spectrapro 300i monochromator wihitpersed
the light to give a variable energy exciting ligieturce. The exciting light was focused
onto the edge of the sample at 90° hyahd fluorescence was collimated and focused
by Cak lenses k and Ly onto a Newport 818IG InGaS detector. Filter 2 @&aslicon
or 1400 nm long pass filter that was placed in tfrointhe InGaS detector to give an
effective detection range of 1000 — 1700 nm or 1400700 nm respectively. Filter 1
was a 715 nm long pass colour glass filters thas wéaced in front of the
monochromator when scanning wavelengths longer Z6B&mm to cut out second order
light; from absorption measurements the responstheffilter was taken to be flat.
When taking initial measurements it was found tiet monochromator transmitted
light in the detection range, 1000 — 1700 nm or(01401700 nm, when scanning the
excitation range of 400 — 1400 nm. This causedangtintrinsic background signal in
the measurement that could not be corrected fag.oFlyin of this background signal is
believed to be imperfections in the optics of thenochromator and reflections from
internal surfaces which were detectable becausieediigh intensity of light incident on
the monochromator. In order to minimise this baokapd signal the input cone of light
entering the monochromator was matched to its aperatio or F/#; this meant that
distances d and d became the critical design parameters for minmgisthis
background signal. The monochromator has an acuegt@one which is determined by
the area of the grating and the gratings path kerfgtm the entrance slit. The
acceptance cone is usually described by an F/#hwbkidefined as the path length from
the entrance slit to the grating divided by theaxiser of an “equivalent circle” with the
same area as the square grating. The half afgleof the acceptance cone of a
monochromator can be calculated from its F/# usipggtion 3.3.

.1
6, =sin* 3.3
e 2nF /# (3.3)
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Where n is the order of diffraction. The Acton Spapro 300i has a F/# of 4 from
which a6, of 7.2° was calculated. Adjusting; do give 6., = 7.2° still resulted in
interference. In order to optimise the system erpentally, the setup shown in figure
3.6 was arranged. The monochromator was fixed & @ this wavelength was
detected by a Newport 818-SL silicon photo-diodmrira reflection off a microscope
slide, to give the intensity of the excitation,(l. The background signalp{l) was
detected by a Newport 818IG InGaS detector frobted silicon filter; d and d were
then varied to maximisedlsacke The optimal setting fori;dand @ was found to be 250
and 350 mm respectively; this correspondefl.i@nd F/# of 4.6° and 6.3 respectively.
The reason why the interference was minimised whenacceptance cone is under-
filled may be because the specified F/# for the eobnomator is calculated for an
equivalent circle which would have sections offigtissing the grating.
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Lock-in Amplifier
FIGURE 3.6. Experimental setup for optimisatiorspétem interference.

Another source of interference was found to betsmad chopped white light that was
detected by the detector which was in free spagemifimise this, black card screening
was erected around the optics.

The PLE system was corrected for the varying intgmas exciting light, due to varying
grating response and spectral output of the wintet lsource, by obtaining the white
light response ((R())) for each grating with Newport 818-SL and 818-diétectors.
The correction curves for each grating were thdcutated using the calibration report
supplied with the detectors. The calibration repogave the responsivity of the
detectors in steps of 10 nm. The spectral respitynslata was entered onto a computer
and smoothed with a running average algorithm, wigampling proportion of 0.05, to
give detector responsivity spectrag{f)) in steps of 1 nm. The correction spectra
(C(»)) for each grating were then calculated using goune.4. The grating correction
spectra are given in figure 3.7.

- R,()
CA)=—"—= 3.4
W Riet(4) 54
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FIGURE 3.7. Correction spectra for gratings useHliE measurements.

In order to test if the PLE system would give val@bults, a sample of neodymium
doped GLS was scanned. The results are shownurefig.8, along with the absorption
of neodymium GLS; as expected for a valid scanRbhE peaks match the absorption
peaks. Note that an absorption band centred atrd0that could not be clearly
identified in the absorption spectrum because ®fpitoximity to the band-edge, has
been elucidated in the PLE spectra. This is becthesd’LE system detects emission
from incident light at a wavelength that is transed by the glass. A very weak
absorption band at 700 nm is also much cleardrarPLE spectrum.
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FIGURE 3.8. Absorption and PLE spectra of neodymidoped GLS.
3.3.4 Temporally resolved fluorescence lifetime

Fluorescence lifetime is defined as the time takernthe intensity of fluorescence to
decay to 1/e= 0.368 of its initial value. Fluorescence lifetimneasurements were taken
using the setup illustrated in figure 3.9.
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I I fliter
—
Fast InGaS
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FIGURE 3.9. Fluorescence lifetime equipment setup.

Temporally resolved fluorescence lifetime (TRFL) aserements were obtained by
exciting transition metal doped GLS samples withotes laser excitation sources. The
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excitation sources were modulated by a Gooch andsétgo M080-1F-GH2 acousto-

optic modulator (AOM). The modulation signal wamngeted by a Thurlby Thandar

TG230 2MHz sweep/function generator which thenvatéd a Gooch and Housego
A103 radio frequency generator. The excitation beaas attenuated, to give an
incident power on the sample of around 10mW, ineordb minimise heating. The

fluorescence was detected with a New Focus 205a3n@etector which was set to a
gain that corresponded to a 3dB bandwidth of 3MHze data was captured by a
Picosope ADC-212 virtual oscilloscope with a 12 bitensity resolution and a

maximum temporal resolution of 700 ns, the signas\averaged for around 2 minutes
to improve signal to noise ratio in the measuremiifétime measurements were taken
several times at different alignments in order twegan estimate of random

experimental error.

3.3.5 Frequency resolved fluorescence lifetime

Sample
& AOM
Laser excitation
source
10 @ —» )
Signal generator| Radio frequency
generator
Long pass
fliter
88 [ ]Il ZS
[-§-0-]-0-0-]
%‘oﬂ °:| =1 °:l °Q
Lock-in Amplifier Fast InGaS
Detector

FIGURE 3.10. Frequency resolved fluorescence ifetequipment setup.

An alternative technique to using an oscilloscope ntake fluorescence lifetime
measurements is frequency resolved fluoresceneenié measurements (FRFL). For
this the intensity of the fluorescence is measumgdtandard phase sensitive detection
with a lock in amplifier and the modulation frequogrof the excitation source is varied.
The principle behind this technique is that once rttiodulation frequency matches the
fluorescence lifetime of the active ion, the intgnsneasured by the lock-in amplifier
will start to fall. It can be shown[72, 73] thataenthe fluorescence power has fallen by
3dB the modulation frequency{) will be related to the fluorescence lifetime) ©f the
active ion by equation 3.5.

1

orr,

v =

m

(3.5)
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Figure 3.10 shows the experimental setup usedk® tteese measurements. The laser
excitation was modulated by an acousto optic mdduléAOM). The modulation
frequency was varied manually on the AOM contradled the value of the fluorescence
intensity and the modulation frequency were reamnfrthe display on the lock-in
amplifier and recorded in a log book. This techeiguas used in order to verify the
lifetime measurements taken using an oscillosc@pe. advantage of this technique is
that the phase sensitive detection allows measunteafesignals far weaker than can be
detected with a transient system. The disadvaniagleat the transient decay profile
cannot be deduced since there is no solution toFtheier transform of a stretched
exponential which was found to describe the decafiles in this work and is given in
more detail in chapter 4.

3.3.6 Raman spectroscopy

The Raman effect occurs as a result of inelastatgrhscattering by a substance. When
light (usually at one wavelength) is incident omadium most of it is scattered at the
same wavelength in an elastic process called Reykxattering. Raman spectra consist
of Stokes and anti-Stokes lines which are symnatabout the Rayleigh line. Stokes
Raman scattering occurs as a result of photon ptigorto a virtual state, followed by
relaxation to a higher order phonon level. In &tokes Raman scattering a photon is
absorbed from a higher order phonon level to ai@irstate followed by depopulation to
the ground state.

Raman spectra were taken with a Renishaw Ramansatip@a 10mW 633 nm HeNe
laser and a 50x objective lens. A basic schemdtithe optics in the Renishaw
Ramanscope is shown in figure 3.11. Light from & 68n laser is reflected by a
holographic 633 nm line reject filter onto the sdnpia a 50X microscope objective.
Light is then reflected from the sample back orfte line reject filters which allow
Stokes and anti-Stokes shifted light into the sjpecgter but rejects Rayleigh scattered
light. The spectrometer consists of a diffractioating and CCD camera which allows
continuous and static scans to be taken. The &lihveof the spatial filter in front of the
diffraction grating and the width of the detectielements on the CCD camera dictated
the resolution of the system. In a continuous siten grating rotates allowing the
measurement of a range of wavelengths, at a résolof 4 cm™. In a static scan the
grating remains stationary and the array of detedtothe CCD camera allows a scan,
with a low resolution and wavelength range, toddesh in around 1 s.
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FIGURE 3.11 Schematic representation of micro Ragystem.

3.3.7 Quantum efficiency

The quantum efficiency (QE) was measured by takpectra of both the fluorescence
and the excitation laser using standard phase tsengietection, with a lock-in
amplifier and monochromator. The important differencompared to standard
fluorescence measurements, was that the samplepilaaed inside an integrating
sphere. An integrating sphere is a hollow spheigerbon the inside with a material
that reflects diffusely and has a high reflectivilyhe effect of this is that any light
entering, or produced within, the sphere becomstsilolited isotropically, therefore the
flux received at an aperture in the sphere is ptap@l to the total amount of light
entering or produced within the sphere. The intiiggasphere used was a Labsphere
model FM-040-SF which has an interior coating ohighly reflective white paint
(“Spectraflect”) and was around 15cm in diametercustom built sample holder was
produced consisting of a small crocodile clip dieatto the end of a brass thread, this
went through a threaded and polished aluminiunrephMdtich was clamped to one of the
ports of the integrating sphere. This sample holalé&wed fine adjustment of the
samples’ position in the integrating sphere byihgrthe brass thread. Because of the
sample holders’ small surface area and relativgi heflectivity, it was not thought to
significantly degrade the performance of the irdéigg sphere. The baffle was also
moved from its original position on the inside swd of the sphere to one where it
covered the exit aperture, so that there was mxdine of sight from the sample to the
detector. The original baffle position was foundgise anomalous results, thought to
result from laser light being scattered from thengle directly into the exit aperture.
The setup used is illustrated in Figure 3.12.
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FIGURE 3.12. Quantum efficiency measurement setup.

A “photons out / photons in” method, similar to thdescribed by,[74, 75] for
calculating the quantum efficiency was used. Thisststed of comparing the area
under the fluorescence spectra to that of the laserwith and without the sample in
place. Spectra were first corrected for the speotsponse of the detection system, by
passing a halogen white light source of know spédtiminance through the entrance
port of the integrating sphere the correction sjee@€(.)) was then calculated using the
method described in section 3.3.2. The spectra \aése corrected for the photon
energy since a higher photon flux is required agé& wavelengths to produce the same
irradiance per unit area than at shorter waveleng8o the number of photons (n)
detected at a particular wavelength is proporticioalthe measured irradiance\)l(
multiplied by the wavelengtih), n=a.(1), where a is a constant of proportionality. The
number of photons absorbed was taken to be propaitto the difference between the
area under the corrected laser line spectra wigh sdimple present sghpdr)) and
without the sample presentglkré))). The number of photons emitted was taken to be
proportional to the area under the corrected eomsspectra @(A)). Hence the
guantum efficiencyr{og) was calculated from:

j Al o (HCA)dA

3.6
AC(A)dA —j/u (3.6)

/7 =
QE J.AI sphere( sample(A)C(A)dA

Spectra of the emission were taken in steps of dnchspectra of the laser line were
taken in steps of 0.2nm, to improve the accuracythef area measurement. The

correction spectra used to correct the laser lpextsa were corrected for the response
of the filter used to cut out second order lightew the white light response was taken,
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since this filter was not present when the lasee lispectra were taken. QE
measurements are used in section 4.12.

3.3.8 X-ray Photoelectron Spectroscopy

Determination of the oxidation state of an actiwa dopant is an important part of the
characterisation of a material being consideredfiical device applications because it
determines which energy levels exist within this.i&nowledge of the oxidation state

is therefore needed when modelling the radiativd aan-radiative transitions that

occur in an optical material.

X-ray photoelectron spectroscopy (XPS) can be tsetktermine the oxidation state of
an active ion dopant. XPS involves exposing a sangph monochromatic X-ray source
which liberates core electrons at energies dirguityportional to their binding energy in
a phenomenon originally described asphetoelectric effectf the sample is irradiated
with photons of frequency, the energetics of the process are defined byEthstein
relation,[76]

hv=1 +E, +¢ (3.7)
k k

I is the binding energy of thdh species of electron in the material, i& the kinetic
energy at which the electron is ejected gng the workfunction of the material. An
energy spectrum of these electrons, called phaiweles, shows peaks at energies
which can be ascribed to the elemental constituehtBe sample. Small shifts in the
peaks can be used to identify the oxidation sththevelements, since higher oxidation
states increase the relative nuclear attractiveefan the core electrons and hence
increases their binding energy.

Photoelectrons travelling through a solid matelnave a relatively high probability of
experiencing inelastic collisions with locally balelectrons, which results in energy
loss. The attenuation of the photoelectron fluxotigh inelastic scattering can be
described as follows. Ify(x) is the photoelectron flux (at a particular ¢tea kinetic
energy E) originating at a depth x below the swfatthe solid, the flux I(x) emerging
at the surface is given by:

L (x)=1,(x)e” ) (3.8)

Wherel, is referred to as the attenuation length of anteda and represents the depth
from which 1/e photoelectrons produced there caaps The attenuation length for
most solid materials is around 20A.[77] XPS is #fere a highly surface sensitive
technique.

A sample of 1% molar vanadium doped gallium lantimrsulphide glass, which had
dimensions of 0.5x5x5mm and was highly polishedboth faces, was placed into a
vacuum chamber as illustrated in figure 3.13.
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FIGURE 3.13. X-ray photoelectron spectra equipnsehematic.

The vacuum chamber was evacuated to aroufidniilar and the sample was exposed
to X-ray radiation from an Mg & anode source centred at 1253.6 eV. The FWHM of
the anode source limited the resolution of the pélectron spectra to 1eV. Higher
resolution can be obtained using a monochromateay)source, however this comes at
the expense of counts, due to the larger sourcelsarseparation. An initial
photoelectron spectrum was taken and no vanadignasire was detected but around
75% carbon was detected. This was believed to sweface effect caused by polishing.
The sample was then sputtered for 30 minutes witkaV Ar ion sputterer in order to
remove any surface contamination, photoelectrotspéndicated no vanadium to be
present and a high carbon signature. Further pleattoen spectra taken after 1 and 2
hours of sputtering indicated that no vanadium pr@sent and a high carbon signature.
It is believed that the effects of polishing peattd the sample further than can be
practically removed by sputtering. So a sample thas fractured by tapping sharply
with a razor blade. It was noted that fracturesenswnchoidal, typical of fractures in
brittle materials that have no natural planes qfasation. After several attempts a
roughly flat face of around 5xX5mm was obtaineds thas placed immediately into the
vacuum chamber and evacuated in order to minimmseaamospheric reaction. The
sample introduction chamber was pumped for ~12 swtwrallow for the sample out-
gassing. A weak vanadium signature was found, deeroto obtain good signal to noise,
a spectrum was collected over an 8 hour period. Xie&surements are used in section
4.13. XPS measurements and analysis where camuteahder the supervision of Dr. N.
Blanchard using facilities of the Advanced Techggldnstitute, University of Surrey.
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3.3.9 Electron paramagnetic resonance

All atoms have an inherent magnetism because efledpin contributes a magnetic

moment. In most atoms the magnetic moment of paadedtrons with opposite spin

cancel each other out, but in atoms containing rgpawed electron the cancellation is
incomplete, materials containing these atoms aassifled as paramagnetic. Electron
Paramagnetic Resonance (EPR) is a techniqgue whiaoked to detect the presence of
unpaired electrons in chemical species. The varmxidation states of a transition

metal ion often give a unique EPR fingerprint whichn be used as a qualitative
identification of the oxidation states present jpaaticular glass system.

In the presence of a high intensity magnetic fiBJ the spin axis of an unpaired
electron will precess around the field directiorthet Larmor frequency, as illustrated in
figure 3.14.

N

FIGURE 3.14. Precessing electron spin.

The electron spin can now be orientated eitherllpam@ anti parallel to the applied
magnetic field. This creates distinct energy leWetsthe unpaired electron as shown in
figure 3.15. If a microwave field at the Larmordteency is applied to a paramagnetic
sample, then the spins can change their direcedative to the magnetic field. This
results in the absorption of microwave radiatiorthwenergy h, which can be
measured. The energy separation between the twasld¥E) at a magnetic field
strength B is expressed AE = hy = guB, where g is the gyromagnetic ratio which is
defined at the ratio between the electrons magriiiole moment and its angular
momentum and is the Bohr magneton.
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FIGURE 3.15. Energy-level diagram for two spin etaas a
function of applied field B.

Figure 3.16 shows the block diagram for a typic®REspectrometer. The klystron
generates narrow band microwaves at a frequencghwibilargely determined by the
strength of the magnet. The microwaves are theustslj to the required intensity using
the attenuator. The microwaves then enter the leimu and are routed toward the
cavity where the sample is mounted. The microwaresthen reflected back from the
cavity (less when power is being absorbed) andr@nged to the diode detector. Any
power reflected from the diode is absorbed compyldte the load. In order to take EPR
spectra the intensity of the magnetic field is sifepm low to high and plotted against
absorbed microwave power.
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FIGURE 3.16. Schematic block diagram for a typiéPR
experimental setup.

In practice this technique alone gives a very psignal to noise ratio. However the
signal to noise ratio can be greatly improved hyoiducing a small amplitude magnetic
field modulation superimposed on the large d.c.maéig field by small magnetic coils.
This allows the use of phase sensitive detectioiciw$elects the a.c. component of the
diode current. The detected a.c. signal is propoali to the change in sample
absorption which amounts to detection of the fdstivative of the absorption curve.
EPR measurements of vanadium doped GLS were takdéwm different systems the
first operated with H-fields of around 0.3 Teslaprresponding to microwave
frequencies of about 10GHz (X ban@he second was a “high field EPR” instrument
operating with H-fields of up to 8 Tesla, correspimig to microwave frequencies of 80-
300 GHz. The high field instrument had a sensyiahd resolution which is between
100 and 100,000 times better than the X-band syst8m The samples required no
special preparation but needed to have dimensidng-Tmm diameter, hence all
samples measured were irregular shaped piecesawdibmeter of around 3mm. EPR
measurements are used in section 4.14. EPR meamuienvhere carried out using
facilities of the School of Physics and Astronorayiversity of St-Andrews, by Dr.
Hassane El Mkami.
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3.3.10 Summary of spectroscopic techniques

Table 3.7 gives a summary of all the spectroscopahniques used in this work.

Including the application they were used for, thege of the controlled variable and its

resolution.
TABLE 3.7. Summary of spectroscopic techniques usehis work.
Spectroscopic Application in this work Range of Resolution of
technique controlled controlled
variable used| variable used in
in this work this work
Absorption Determination of energy 400 to 3300 ~0.4 nm
levels nm
Photoluminescence Calculation of Stokes | 800 to 1800 ~5 nm
(PL) shift. Determining the nm
possible wavelength range
of an active optical
device.
Photoluminescence Elucidating absorbing | 400 to 1800 ~5nm
excitation (PLE) transitions obscured in nm
absorption spectra.
Determining the optimal
excitation wavelength
Temporally resolved | Determination of lifetime| 0to 4 ms 700 ns
fluorescence lifetime| Determination of decay
(TRFL) profile.
Frequency resolved| Complimentto TRFL. | 10to 100,000, 4 significant
fluorescence lifetime| Detection of signals too Hz figures
(FRFL) weak for TRFL
Raman spectroscopy Determining structural 30 to 2000 ~4 cm'
modifications cm*
Quantum efficiency | Determining suitability | 1000 to 1750 ~5 nm
(QE) for active optical devices| nm
Calculation of emission
cross-section
X-ray photoelectron Determining oxidation | 505 to 545 eV leVv
spectroscopy (XPS)| state of the vanadium ion
in GLS
Electron paramagnetic  Compliment to XPS 0to 10 kG Unspecified

resonance (EPR)
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Chapter 4

Vanadium doped chalcogenide glass

4.1 Introduction

Transition metals have long been used as the aotivim solid state lasers. In fact, laser
action was first demonstrated in 1960 in a systenithvused Cf doped AJO; (ruby)

as the active medium.[79] Since then a numberaofsition metal ions have been used
in tuneable laser sources, the most successfuhaftmhas been the *fidoped AJO;
(Ti:Sapphire) laser which is tuneable from 690-1100[19] and has been used to
generate ultra short laser pulses with duration8 d$.[80] Transition metal ions in
glasses are usually regarded as a nuisance beiteysean exhibit a strong and broad
absorption, even at sub ppm concentrations, whiah seeriously degrade the
performance of low loss fibre and active opticaltides. Transition metal doped glasses
are not often considered for active optical devibesause they usually have low
guantum efficiencies and short lifetimes which tessun a high pump threshold.
Because of this most publications reporting thecspscopy of transition metal doped
glasses concentrate on absorption in order to siptyal loss mechanisms in the glass,
such as in silica fibres[81] and fluoride fibre.[&3] The only demonstration of lasing
in a non rare-earth metal doped glass know to tt@oa is in a bismuth doped
aluminosilicate fibre laser.[84]

Transition metal doped GLS including vanadium, ahitom, nickel, iron, copper and
cobalt has previously been studied by Petrovich wkiestigated the effect of transition
metal ion impurities on the infra red absorptiorGifS.[24] The absorption of titanium,
vanadium, chromium, nickel, iron, copper and coldalbed GLS has been reported by
Brady.[70] Chromium doped chalcogenide glassedbas studied by Haythornthwaite
who investigated these glasses as potential migtdoa broadband amplification.[85]
Optical characterisation of transition metal dopkdlcogenides, including V:GLS, was
carried out by Aronson.[23] Aronson suggested tlaatadium was in a 3+ oxidation
state and tetrahedrally coordinated based on casopar of the optical properties of
V:GLS to that of vanadium in other hosts. With thenefit of further measurement and
analysis, Aronson’s assignment is revised to ock@ieV* in this work. There have
been relatively few publications reporting the gpescopy of other vanadium doped
glasses. Some of these include the absorption naddram in zirconium fluoride
glass,[82] silica glass[81] and sodium silicatesglg86] Even rarer are reports of
emission from vanadium doped glass, one of thedeamples being vanadium doped
phosphate glass.[87] Most of the comparisons maddis chapter are to vanadium
doped crystals. Laser action at low temperatures een reported in &7 doped
CsCak[6] and V** doped MgE[7]

Unlike rare earth ions the optically active orlstalf transition metals are not shielded
from the surrounding glass ligands. Because ofttiesoptical properties of transition
metal ions in glass is strongly affected by thealdionding environment experienced by
the ion, including the ligands nature, distancenfithe ion, coordination and symmetry.
This fundamental difference with rare earths makassition metals less suitable for
active optical devices in certain respects. Howetlds means that the optical
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characterisation on transition metals can be usetetiuce more information about the
local bonding environment in the glass; which, megaoptical device applications,
justifies characterisation of transition metal dobpéass.

This chapter presents a rigorous optical charaa®on of vanadium doped GLS glass
(V:GLS) in the form of absorption, photoluminescen@PL), photoluminescence
excitation (PLE), emission lifetime, quantum effiscy, X-ray photoelectron
spectroscopy (XPS) and electron paramagnetic resenEPR) measurements. As
described later in the chapter vanadium exists bBeoad range of oxidation states in
GLS with V** being the only optically active oxidation stateheTproportion of the
vanadium content that exists a8"\& unknown. Because of this two concentrations are
reported for each sample. In the first three figu(é.1-4.3) the batched vanadium
content is quoted which is calculated from the Wweigf elemental vanadium dopant
incorporated with the melt components. All othen@entrations quoted are a relative
vanadium content which is calculated from the istignof the vanadium absorption
normalised to the highest doping concentration uddek suffixes to the vanadium
dopant used in this chapter refer to the oxidasiate of the vanadium dopant, not the
oxidation state in which it exists in the glasstegs These are V(V) for @05 and
V(III) for V ,S;. Where analyses in terms of Gaussians are usetfapenits are give in
energy.

4.2 Absorption measurements

Absorption spectroscopy is arguably the most furelgal optical characterisation
technique. Here it is used to identify the wavetaripat transitions between the ground
state and excited states of the vanadium ion occur.

Absorption measurements were taken with a Variary 680 spectrophotometer, which

is described in section 3.3.1. The reference apemas left blank. The range of the
measurements was 400 to 3300 nm. Figure 4.1 stmvabsorption spectra of GLS

doped with varying concentrations of vanadium. Bdlve a peak at 1100 nm with

relative intensities consistent with the doping @antration. The red shift of the band-
edge with increasing dopant concentration indictttas there is a strong absorption by
vanadium within the GLS band-edge region aroundnB00There is also a shoulder
visible around 700 nm indicating a third vanadiubs@ption band in this region. In

addition there is also evidence of a very weak kleyuat around 1000nm which could

be attributed to a spin forbidden transition.
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Figure 4.1 Absorption spectra of 0.015% , 0.1%%0d&nd 1% molar
vanadium doped GLS and undoped GLS in 5mm thidissl@ihe inset
shows a close-up of the lowest doping concentratiBatched
concentrations are quoted here.

Figure 4.2 shows the absorption spectra of vanadioped GLS produced with the
“doping glass” method discussed in chapter 3. Them®ples were also cut and
polished into thick and thin slabs which allowetle®tion corrected absorption spectra
to be calculated with the method described in eacB.3.1. As discussed in section
4.13 vanadium is believed to exist in a mixed otiadastate V¥V IV IV* with
V?* being the only optically active ion. The differestarting vanadium oxidation states
show no difference in the form and position of #fssorption bands, indicating that the
optically active vanadium ion is the same whendtiagting vanadium oxidation state is
+3 or +5. There is however an inconsistency initbensity of the absorption and the
concentration of vanadium (calculated from the duna weighed during batching)
between both the absorption spectra of samplegunef 4.2 and those in figure 4.1. It
is proposed that this occurs because the propasfieanadium that is incorporated as
the optically active ¥ ion is sensitive to the starting vanadium oxidatitate, small
variations in melting conditions and small composial variations, as observed in
transition metal doped phosphate glass.[88]
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Figure 4.2 Reflection corrected absorption speabfa 0.1 %
vanadium doped GLS with the vanadium dopant in aan8 +5
oxidation state before melting. Silver and coppedopants are also
shown. Batched concentrations are quoted.

Because the concentration of optically active Wns cannot be measured accurately
from the concentration of vanadium in the glass tm@mponents, a relative
concentration is calculated from the intensity loé absorption peak at 1100nm and
normalised to the intensity of the absorption p@akl1100nm for 1% V:GLS, the
background loss of GLS is also accounted for. Thexpressed in equation 4.1.

[V2+] - a\/:GLS(llOQ - aGLS(]'lOQ (4.1)
al%V:GLS(]'lOQ - aGLS(]'lOQ

Here [V*"] is the relative concentration of optically activé® ions, &.cLs, awv-cLs and
acLs Is the absorption coefficient at 1100nm for thievant sample, 1.038% V:GLS
and un-doped GLS respectively. Results are shovabie 4.1
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Table 4.1 Relative ¥ ion concentration for vanadium doped GLS samples.

Melt code Batched vanadium Relative \/* concentration
concentration (Yomolar) (Yomolar)
LD1285-2 0.0977 0.0616
LD1285-3 0.0983 0.0955
LD1285-4 0.0979 0.0713
LD1285-5 0.0978 0.0821
LD1257-1 0.108 0.0944
LD1257-2 0.518 0.4443
LD1257-3 1.038 1.038
LD1175-6 0.015 0.0023
LD1284-1 0.0970 0.0608
LD1284-3 0.0963 0.0489
LD1284-4 0.0199 0.0087
LD1284-5 0.0199 0.0242

In figure 4.2 the addition of silver and copperdmpants produces no difference in the
form and position of the absorption bands. Thera gsnall increase in the intensity of
the absorption, indicating that copper and silve@mopants are helping to incorporate
vanadium in the divalent state, but this could beoanted for by the variability of the
proportion of vanadium that actually becomé$ & was discussed earlier.
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Figure 4.3 Reflection corrected absorption speotr@.1 and 0.02
% vanadium doped GLSO with the vanadium dopant 3 and
+5 oxidation state before melting. Batched con@diutns are
guoted here.
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Figure 4.3 shows the reflection corrected absomptad vanadium doped GLSO
produced with the “doping glass” method. A notatiféerence compared to the V:GLS
absorption in figure 4.2, is the blue shift in #hectronic absorption edge for the un-
doped sample. There is still a peak at around Irhdut its position is less defined as it
is more of a shoulder on the absorption at aro@tthih. Possible explanations for this
are a broadening of one or both of the absorptaomdb at 700 and 1100 nm and/or an
increase in the relative intensity of the absorptland at 700 nm to that at 1100nm. As
in V:GLS, doping with V(III) or V(V) show no diffexnce in the form and position of
the absorption bands. Similarly to V:GLS there nsimconsistency in the intensity of
the absorption and the batched concentration o&diam. It is also noted that the
absorption of the optically active®Vis consistently higher when GLS and GLSO is
doped with \(Os with vanadium in a +5 oxidation state than witfEywith vanadium

in a +3 oxidation state. This may be because tfieid/believed to be preferentially
incorporated into a high efficiency oxygen relaséi@ and the oxygen from,®s could
aid in the formation of these sites. It can alsoseen that the largest change in
absorption is in LD1175-6 which was fabricated ateay low doping concentration
without the doping glass method and highlightsdtigculty of accurate fabrication of
low doping concentration glass with the usual méthliyom this point on, all vanadium
concentrations quoted refer to the relativé sbncentration given in table 4.1.

4.3 Derivative absorption spectroscopy

The mathematical differentiation of spectroscopatadis often used as a resolution
enhancement technique, to facilitate the detectind location of poorly resolved
spectral components including peaks which appe&y as shoulders as well as the
isolation of small peaks from an interfering largackground absorption.[89] All
spectral features that are attributed to opti@igitions in transition metals are assumed
to be composed of a sum of Gaussian peaks. ThdasthGaussian curve function for
an absorption band peaking gtwith absorbance A is:

sl

Where A is the maximum band height af and w is the full width at half maximum
(FWHM)

A=Age d" order (4.2)

Differentiation gives:

dA _ _8In2A (X —X,) .e{""”z(x_wxoﬂ

1% order (4.3)
dx W

2p (16I2(x-x,)% A, 8In2A {““nzx_f }
d A:[ (X7X)" Ay _ Oj.e [ ] 2" order  (4.4)

dx? w* w?
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d3A:[12In2A0 (x-%,) (A, (512n2)® (x=x, ) )J'J“Z[ = } 3 order (4.5)
dx? w* w®

The points of inflection on a Gaussian (or any\veuware given when the first derivative
is at an extremum and when the second derivativalegero.[90] By setting equation
4.3 equal to zero it can be shown[91] that theorafithe FWHM to the width of the
Gaussian band between the points of inflect&riq given by equation 4.6:

FWHM _ 2tn2=1177 (4.6)
g

Higher order derivatives discriminate strongly avdur of narrower bands[92] however
the signal-to-noise ratio (SNR) is degraded wittréiasing differentiation order.[89, 93]

Relative signal to noise ratios for unsmoothedv@gres are given in table 4.2. Setting
X=Xo for equations 4.2-4.5 gives the peak amplituddale 4.2, this shows that second
derivatives are inversely proportional to the squzirthe FWHM.

TABLE 4.2 Peak amplitude and relative signal-tossoratio for Gaussian peaks and
some derivatives.

Order Peak amplitude at xsx Relative SNR
0™ order (A) A 1
2 order[dAj 0 2.02/w
dx
2 8In 2 3.26/w
2" orde{i f‘j - WzAO
X
3 0 8.1w
3 order(oI f‘j
dx

In order to improve the signal-to-noise ratio, ‘nimg average” smoothing filters
(RASF) can be applied. The optimum number of paksea RASF is believed to be
n+l where n is the derivation order.[89] The ie@tSNR of the smoothed™n
derivative is given by:

N N n+05 W n+05
EzNgn - anc\;vn = a”C”\(/:/n ) a,C,r"o5\w (4.7)
0

Where (SNR) is the SNR of the unsmoothe! @erivative. Smoothing with a RASF
reduces noise by a factor of "R, where N is the number of data points in the
smoothing operation, but reduces the signal byceofeof a,, where r is the sampling
proportion and €is a constant which depends on the derivativeroadd band shape.
SNR will reach a maximum for sampling proportiorisld89] however large sampling
proportions cause severe peak height attenuatiena Arade-off between SNR and
signal attenuation a sampling proportion of 0.05 wsed for this work.



Chapter 4 Vanadium doped chalcogenide glass 52

After trials with various smoothing filters it wésund that a negative exponential with
a sampling proportion of 0.05 and a polynomial eéegof 3, gave a better SNR than a
running average. Figure 4.4 shows the first deineadf the absorption coefficiernf
0.0955% V:GLS. The absorption data was first smedthhen the first derivative was
taken and then it was smoothed again. The zersiaggives a peak position at 9100
cm’*, which is consistent with the absorption peak mes in figure 4.1. The extrema
occur at 7790 cih (1284 nm) and another which is partially obscubgdthe weak
shoulder at around 10200 €n{980 nm). This gives a width between the points of
inflection (o) of 2410 crit (304 nm) which, using the factor in equation 4es a
FWHM of 2836 crit (358 nm). The very weak shoulder at around 10060 is much
clearer as is the shoulder at around 1330bcm

0.0015
0.0010- —— da/dE 0.096% V:GLS
—— Negative exponential smooth
—— da/dE=0
LLl
% 0.00054
°
0.0000 M\\/
-0.0005 L I I I O
4000 6000 8000 10000 12000 14000 16000

Energy (crﬁl)

FIGURE 4.4 First derivative of the absorption caméint of 0.0955%
V:GLS, smoothed with a negative exponential smawjHilter with a
sampling proportion of 0.05 and a polynomial degrEa.

The feature around 12500 ¢n800 nm) is believed to be a result of the deteat
grating change in the spectrophotometer used ® tiaé& absorption measurements, as
discussed in section 3.3.1.

Figure 4.5 shows the first derivative of the smeditliirst derivative of the smoothed
absorption data, i.e. the second derivative. Asnvsho table 4.2 absorption peaks
correspond the wheréaldE < 0. Figure 4.5 shows negative peaks at 9044, 9983
13362 crit which correspond to 1105, 1002 and 748 nm respegti Comparing
figures 4.2, 4.4 and 4.5 clearly demonstratestti@tveak absorption around 10000 cm
Yincreases in intensity relative to the other aon bands as the order of derivation
increases. This indicates that it is much narravaen the other absorption bands.
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FIGURE 4.5 Second derivative of the absorption ficieht of 0.0955%
V:GLS smoothed with a negative exponential smogghiitter with a
sampling proportion of 0.05 and a polynomial degrea.

The second derivative of the absorption spectruranafoped GLS did not show any
features, apart from one at 800 nm related to théng change-over discussed earlier.
Figure 4.6 shows the second derivative of the gibsor spectrum of 0.061% V:GLSO.
The absorption peaks occur at 9300, 10200 and 1&80@vhich are at a higher energy
than in V:GLS and is consistent with a higher a/feld strength.
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FIGURE 4.6 Second derivative of the absorption ficieht of 0.061%
V:GLSO smoothed with a negative exponential smagtHilter with a
sampling proportion of 0.05 and a polynomial degrea.

4.4 Photoluminescence of vanadium doped GLS

The photoluminescence (PL) of V:GLS reveals th&k&cshift, discussed in section 2.5
and 4.11, and the wavelength range over which aweagevice based on V:GLS could
be used. The measurements were taken using theiragpéal setup described in
section 3.3.2.

4.4.1 Photoluminescence spectra

Figures 4.7 to 4.10 show the PL spectra of 0.0023944, 0.4443 and 1.038% molar
vanadium doped GLS excited at wavelengths of 51@3 &nd 1064 nm and
temperatures of 77 and 300 K. The excitation wangtles were chosen as the closest
available laser sources that could excite intothhee main absorption bands of V:GLS
which were identified in section 4.2 and 4.5. Thev Itemperature PL spectra were
taken to give an indication of the relative conitibn of homogeneous and
inhomogeneous broadening. It was not possible tailspectra for all combinations of
excitation wavelength and temperature in the higldped samples as emission was
significantly weaker than at lower concentrationbis is attributed to re-absorption of
the emission and concentration quenching of théatian.
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FIGURE 4.7 Photoluminescence spectra of 0.002% diana doped
GLS excited with various laser excitation sourcéssi4, 808 and
1064 nm at temperatures of 77 and 300K. The pealeleagth is
given for each spectrum.

The peak positions of the photoluminescence specirfigures 4.7 to 4.10 are
summarised in table 4.3. It can be seen that tisesetrend for the emission peak to
move towards shorter wavelengths as the temperatareases. This is the opposite
trend that would be expected from the SCCM modelweler it can be explained by
considering that non-radiative decay is expectegréderentially affect vanadium ions
in low crystal field sites which emit at relativelpng wavelengths because non-
radiative decay involves fewer phonons in thesessilons in these sites will be
guenched non-radiatively to a greater extent ath higmperatures than at low
temperatures, leaving ions in high crystal fielgesiwhich emit at shorter wavelengths
to dominate the radiative decay. There is a tremdhfe emission peak to shift to longer
wavelengths with increasing vanadium concentrafidms is attributed to increased re-
absorption of the fluorescence on its high enengg svith increasing concentration.
There is also a trend for the 808 nm excited emisgeak to shift to longer
wavelengths from the 1064 nm excited emission pé&hls is explained by examining
the PLE spectrum of V:GLS in figure 4.12 whereahde seen that 1064 nm is on the
high energy side of the first excitation peak wisr808 nm is on the low energy side
of the second excitation peak. The FWHM of the phohinescence spectra, in figures
4.7 to 4.10, was around 460 nm and differenceBeavarious vanadium concentrations,
pump wavelengths and temperatures were less tleaastimated 20 nm resolution of
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the measurements. This indicates that the broadfete V:GLS emission is almost
entirely caused by an inhomogeneous mechanism, aaca range of crystal field

strengths. A description of various broadening me@ms is given in section 2.6.

TABLE 4.3. Photoluminescence peak positions (nm) Warying concentration, excitation

wavelength and temperature.

Vanadium Excitation wavelength/Temperature
Concentration 1064 nm 808 nm 514 nm
(% molar) 300 K 77K | 300K | 77K 300 K 77K
0.0023 1470 1530 1510 1560 1480
0.0944 1460 1536 1495 1525 -
0.4443 1500 - 1530 )
1.038 1520 1490 1540 -
6
1536
5 | —— Agy =808 (77K)

Intensity (A.U.)

1525

——— Agy =808 (300K)
A gy = 1064 (77K)
—— Agy = 1064 (300K)
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FIGURE 4.8 Photoluminescence spectra of 0.09% \anmadloped
GLS excited with various laser excitation source808 and 1064 nm,
at temperatures of 77 and 300K. The peak waveleisgtiiven for
each spectrum.
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FIGURE 4.9 Photoluminescence spectra of 0.44% vanadoped
GLS excited with various laser excitation source8@8 and 1064
nm at temperatures of 77 and 300K. The peak wagtieis given
for each spectrum.
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FIGURE 4.10 Photoluminescence spectra of 1% vanadiaped
GLS excited with various laser excitation source8G8 and 1064
nm at temperatures of 77 and 300K. The peak wagtien given
for each spectrum.
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4.4.2 Discussion of photoluminescence spectra

Exciting V:GLS at 514, 808 and 1064 nm roughly @égaao exciting into each of the
three main absorption bands identified for V:GLS figure 4.12. The PL from
excitation at these wavelengths show similar charatic spectra, peaking at ~1500
nm, with a full width at half maximum FWHM of ~500n. This indicates that the three
absorption bands belong to the same oxidation,staiieer than two or more oxidation
states which is commonly observed in transitionaindbped glasses[86, 94, 9%&id
crystals.[96]The broadness of the PL spectra indicates thatahadiumion is in a low
crystal field site. A result of this is that themest energy level with a spin allowed
transition to the ground state (which is strongdpendent on crystal field strength) is
the lowest energy level. Conversely, in a strongstal field site the lowest spin
forbidden level (which is almost independent ofstay field strength) is the lowest
energy level. In this case, characteristic nar®Wine emission should be observed, as
in V** doped phosphate glass[@#d \/* doped corundum.[97]

For comparison the PL of 1064 nm excitation ofaleédrally coordinated ¥ doped
LiGaO,, LIAIO, and SrAJO, peaks at 1650, 1730 and 1800 nm respectively.ofign

of this emission has been assigned to Thg’F)—°A,(°F) transition.[98] The low
temperature (T=4.2K) photoluminescence spectrumaofdium doped ZnTe, excited
at 529 nm, displays three structured emission baeded at 3195, 2793 and 2247 nm
which have been attributed to internal relaxatiohthe three charge state$, W?* and
V3" respectively; the vanadium ions are tetrahedratprdinated and have been
assigned to theE(D)—°To(°D), *TA(*F)-*'Ti(*F) and *T((F)—°A,(°F) transition
respectively.[99] Similarly for vanadium doped Zti8ee structured emission bands
centred at 2700, 2083 and 1785 nm were observeataituted to tetrahedral®y' VvV
and V" respectively and assigned to tAECD)—’T.(°D), “T.(*F)—'Ti(*F) and
*T.CF)—°A(’F) transition respectively.[100] In vanadium dop€diTe the same
respective charge states and transitions occub@i,32898 and 2439 nm.[101] These
comparisons and others are detailed in table 4.&hwvimdicates that the PL peak
observed in V:GLS is similar to that observed iff ¥ind \**. Table 4.4 also give the
refractive index of ZnS, ZnTe and CdTe which ilhasés an interesting trend; the peak
emission wavelength of vanadium in 1+,2+ and 3+dabtion states is directly
proportional to the refractive index of the hoshisTis believed to be related to the
degree of covalency of the bonds between the hodt \@anadium dopant. The
nephelauxetic effect, which may be used as a meaduhe covalency, is caused by the
lowering of the excited state of the ion by thergunding crystal field.[102]
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TABLE 4.4 Summary of photoluminescence from vanadin 1+,2+ and 3+ oxidation states
in various hosts.

lon Host Refractive| Excitation | Emission| Coordination| Transition| Reference
index wavelength peak
(A=2 um) (nm) (nm)

V* ZnS 2.26 - 2700 tetrahedra| *E(°D)— [100]
°T,(°D)

V' | ZnTe 2.65 529 3195 tetrahedral °E(°"D)— [99]
°T,(°D)

V' | CdTe 2.71 1064 3597 tetrahedral °E(°D)— [101]
°T,(°D)

V¥ | GLS 2.4 1064 1500 octahedral ‘T,(‘F)— This
‘AL('F) work

v# | GLSO 2.3 1064 1500 octahedrdl “T,(*F)— This
‘AL('F) work

V¥ | ZnS 2.26 - 2083 tetrahedra) “T,(‘F)— [100]
“T.(*F)

V¥ | znTe 2.65 529 2793 tetrahedral *T,(‘F)— [99]
“T.(*F)

V¥ | CdTe 2.71 1064 2898 tetrahedral “T,(‘F)— [101]
“T.(*F)

V¥ | KMgF; - - 1102 octahedral| “T,(*F)— [7]
*A(*F)

V¥ | KMnF; - - 1141 octahedral| “T,(*F)— [7]
*A(*F)

V# | RbMnR; - - 1193 octahedral| “T,(*F)— [7]
*A(*F)

Vv# | CsCak - - 1351 octahedral| “T,(*F)— [7]
‘AL('F)

V¥ | CsCdC} - - 1639 octahedral| “T,(‘F)— [7]
‘AL('F)

V¥ | NaCl - - 1754 octahedral| “T,(*F)— [7]
*A(*F)

V¥ | MgF, - 514 1140 octahedral “T,(‘F)— [103]
*A(*F)

V¥ | LiGaO, - 1064 1650 tetrahedral| *T.(*F)— [98]
3 3
A(F)

V¥ | LiAIO, - 1064 1730 tetrahedral| *T.(*F)— [98]
3 3
Ax(F)

V¥ | SrALO, - 1064 1800 tetrahedral| *T.(*F)— [98]
3 3
Ax(F)

v¥ | znS 2.26 - 1785 tetrahedra] *T,(F)— [100]
*A(F)

V¥ | znTe 2.65 529 2247 tetrahedrdl *T,(*F)— [99]
3 3
A(F)

Vv¥ | CdTe 2.71 1064 2439 tetrahedral *T,(*F)— [101]

*ACF)
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4.5 Photoluminescence excitation of vanadium ddpeg

The photoluminescence excitation (PLE) spectra @31\5, for reasons discussed in
chapter 3, clarifies the identification of the tw@hest energy absorption bands that
could not be fully determined in absorption measwents because of their proximity to
the band-edge absorption of GLS. The spectra vedtentusing the setup described in
section 3.3.3.

773
g 1 | —— 0.06% V:GLSO (300K)
~ —— 0.009% V:GLSO (300K) 767
> —— 0.09% V:GLS (300K)
< ——— 0.002% V:GLS (300K)
> 6- 0.09% V:GLS (77K)
0
S 574
—
C
€,
e
©
7]
D
e 5
Eo
767
572
0 — L L L L

500 600 700 800 900

Excitation wavelength (nm)

FIGURE 4.11 PLE spectra detecting emission at 10015 nm of
various concentrations of vanadium doped GLS andGlat
temperatures of 300 and 77K. Peak positions aresngiv
Concentrations quoted are relative. Spectra aseiéfn the y-axis
for clarity.

Figure 4.11 shows PLE spectra taken by detectingsgmm at 1000-1700 nm. This gave
greater coverage of the emission band than degeatiri400-1700nm as in figure 4.12
which increased the signal strength and is belietedyive a more representative
spectrum as data is collected from a greater ptiopoof emitting ions.

Figure 4.11 shows that 0.06% V:GLSO has peaks 2atahel 730 nm whereas 0.009%
V:GLSO has peaks at 532 and 720 nm. This red siifthe excitation peaks with

increasing concentration, especially for the higlergy peak, can be reconciled by
considering the overlap between the absorption bzewred at 1100 nm and the
emission band centred at around 1500 nm. As corat@mt increases, a greater
proportion of the high energy side of the emisdiand is reabsorbed by the absorption
band centred at 1100 nm which leads to a red shifhe fluorescence, as detailed in
table 4.3. This red shift of the fluorescence witbreasing concentration means that



Chapter 4 Vanadium doped chalcogenide glass 61

when exciting at longer wavelengths a greater ptapo ions in low crystal field
strength sites, that fluoresce at longer wavelengthil be excited. This will shift the
PLE peak to longer wavelengths with increasing eatration since there would be less
re-absorption of fluorescence. It is also obsertlet there is a red shift of the PLE
peaks in vanadium doped GLS in comparison to vamadioped GLSO. This can be
explained by considering the overlap of the GLS dbadge with the vanadium
absorption band around 500-600 nm which would cdhsehigh energy side of the
absorption band to be suppressed by competing @aticsorof the band-edge. The red
shift of the band-edge absorption of GLS, in congaer to that of GLSO, means that
PLE peaks will be shifted to longer wavelength¥iGLS .

2.0
— Detected excitation spectra
8625 cm' (1159 nm) peak, 2720 ¢hFWHM
= 1.5 13135¢nT (761 nm) peak, 2920 chFWHM
p —— 17240cnT (580 nm) peak, 4662 chiFWHM
2
.a // AN
5 \
‘E 1.0 \
= \
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E / \‘\
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FIGURE 4.12 PLE spectra detecting emission at 14033 nm of
0.09% vanadium doped GLS fitted with three Gaussian

Figure 4.12 shows the PLE spectra of 0.09% V:GL®r@lemission was detected at
1400-1700 nm, this allowed the lowest energy aligorgo be covered. It can be seen
from the Gaussian fits to the PLE spectra thathhee main peaks are very Gaussian in
nature. The lowest energy peak occurs at 1159 nmehwis red shifted from the
absorption peak at 1100 nm this can be explainetthdgame process described for the
red shift of the highest energy peak in V:GLSO. ity to the absorption spectra in
figure 4.2, a weak shoulder is also visible at acbd0000 crit (1000 nm) which is
again interpreted as the result of a spin forbiddamsition.
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FIGURE 4.13 PLE spectra detecting emission at 14D
nm of 0.06% vanadium doped GLSO fitted with three
Gaussians.

The PLE peaks in V:GLSO in figure 4.13 are all w&df to higher energy than for
V:GLS indicating that the vanadium ion experieneekigher crystal field strength in

GLSO. Both re-absorption of fluorescence and therlap of the GLS band-edge with
vanadium absorptions are thought to cause redrghifif the PLE peaks therefore the
lowest energy peaks observed can be considereg@ar limit of the true position of

the PLE peaks. The broad Gaussian nature of the Brds indicate they originate
from spin allowed transitions.
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4.6 Fluorescence Lifetime

Fluorescence lifetime measurements are one ofithplest and most reliable optical
characterisation techniques.[104] However, in thsecof non-exponential decay (as
observed in V:GLS) interpretation can be far frdnvial. In this section the
fluorescence decay of V:GLS is analysed using ctest exponential, bi exponential,
average lifetime, frequency resolved lifetime anohtcuous lifetime distribution
models. From the analysis solid conclusions arevdras to the local environment of
the vanadium ion.

4.6.1 Introduction to the stretched exponentiatfigm

Many relaxation processes in complex condensecmsgsisuch as glasses have long
been known to follow the Kohlraush-Williams-WattsWW) function,[105] which is
also currently know as the stretched exponentiation and is given in equation 4.8

B
(1) = yo + 1, exp[— H J (.8)

Wherert is a characteristic relaxation tinfejs the stretch factor (ranging between 0 and
1) and y is the offset. The closéris to O the more the function deviates from a lging
exponential. Stretched exponential relaxation vias$ dlescribed by Kohlraush in 1847
to model the decay of the residual charge on a&dlagden jar. Since then the stretched
exponential function has been shown to fit manyepthelaxation processes in
amorphous materials such as nuclear relaxation,[16fgnetic susceptibility
relaxation,[105] fluorescence decay[106] and phwtoced dichroism.[107] Stretched
exponential behaviour is rarely observed in cryis@l solids; with some
exceptions.[108] There have been several mutualtjusive microscopic explanations
for the observed stretched exponential relaxatioglasses, this can be seen as being
due to the use of different models of the fundamlestructure of glasses. The models
for stretched exponential relaxation behaviour iasges generally fall into two
categories: spatially heterogeneous dynamics amgdeally heterogeneous dynamics.
The spatially heterogeneous dynamic model assuhmsthe relaxation of a single
excited ion follows a single exponential law andttthe system remains homogeneous
over the time taken for the relaxation to occurlidé&ion of this model has been
allowed through the development of fluorescenceasicopy which allows the study of
single molecules in complex condensed environmé@@8] It has been shown that that
the fluorescence decay of a single molecule iniagryocal environments leads to a
stretched-exponential decay as a result of theepoesof a continuous distribution of
lifetimes.[110, 111] The temporally heterogeneoysasnics model assumes that the
system remains homogeneous in space but that rasittes, in disordered material
such as glass, capture excitations and become gusigely depleted with time. This
causes the decay rate itself to slow with the prsgrof time, stretching the decay.
These two processes may occur at the same timgiuea relaxation process.
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4.6.2 Experimental and analysis techniques

Temporally resolved fluorescence lifetime (TRFL)asaerements were obtained using
the experimental setup described in 3.3.4 and & 106 laser source. An estimate of
random experimental error was obtained by takirgy tieasurements several times at
different alignments.

Regression analysis was implemented using the MadinLevenberg algorithm,[112]
given in equation 4.9. This algorithm seeks theieslof the parameters that minimize
the sum of the squared (SS) differences betweenvéihges of the observed and
predicted values of the dependent variable.

$5= (%~ §)° (4.9)

Where y is the observed angl is the predicted value of the dependent variatble,

index i refers to thé"idata point and n is the total number of data goifihe goodness
of the fit was measured using the coefficient ofedmination (R), given in equation
4.10.

> (5 -9)°
Re=iL (4.10)

Dy Y’
i=1
Wherey is the mean value of the observed dependant varialdte coefficient of

determination indicates how much of the total v@srain the dependent variable can be
accounted for by the regressor function. ff R 1 then this indicates that the fitted
model explains all variability in the observed degent variable, while R= 0 indicates
no linear relationship between the dependant viriaibd regressors.

The fitting procedure was found to return exactlg same results if the fitting of the
decay was carried out up to a time just beforediection limit was reached, as in
figure 4.14, or after it was reached, as in figlirg5. This indicates that the offset in the
regression model properly accounted for the detediimit of the system. The linearity
of the detector used to collect the decay data avaand 0.5%. The decay curves of
erbium doped GLS,[113] taken with a similar deteciger a similar dynamic range,
showed no deviation from single exponential behavas would be expected from a
rare earth ion. This indicates that the non-exptiaktiecay observed in transition metal
doped GLS is a physical phenomenon and is notegtlat a deviation from linearity in
the detector.
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4.7 Time resolved fluorescence decay data for vianadoped GLS

Figure 4.14 shows the fluorescence decay of 0.002&LS, fitted with a stretched
exponential. The best fit to the experimental dags with a lifetime of 33us and a
stretch factor ) of 0.8. Visual inspection indicates an excelléinto the experimental
data, this is confirmed with arfRf 0.9996.

el - —— Fluorescence decay
—— Stretched exponential fit£33us, 3=0.81)

Fluorescence intensity (A.U.)
(]

0 100 200 300 400
Time (s)

FIGURE 4.14 Fluorescence decay of 0.002% vanadioped
GLS fitted with a stretched exponential. The lii@ was 33us
and the stretch factor was 0.81.

Figure 4.15 shows the fluorescence decay of 0.44@& 8 fitted with a stretched and
double exponential function. The double exponerftiattion is given in equation 4.11.

I(t) = y, + Ilexp—(t—J+ Izexp—(t—J (4.11)

I T,

Where t; and 1, are the two characteristic lifetimes; &nd b are their respective
coefficients. Inspection reveals that the stretafvgabnential does not describe the data
as well as it does at lower concentrations andltheble exponential function is a better
fit for higher concentrations. The?Ror the double and stretched functions are 0.9969
and 0.9898 respectively. The lifetimes for the deutxponential fit are 6 and 285;

this is significant as it indicates that the lifeé observed at low concentrations is still
present at high concentrations.
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FIGURE 4.15 Fluorescence decay of 0.444% vanadioped GLS
fitted with a stretched and double exponential.

Figure 4.16 shows the residuals for the double stnetched exponential fits to the
fluorescence decay of 0.44% V:GLS. The initial posi peak, in both residuals, is
attributed to a slight timing uncertainty betwedre tAOM switching off and the
oscilloscope triggering. The next negative peak ako be attributed to this as the
model readjusts to its initial displacement frone thata. Subsequent residual is
attributed to further inadequacies of the modek e double exponential these are
small and the residual approaches zero at aroungs8Bor the stretched exponential
there is a relatively large and broad residual patalround 15Qis and zero is not
approached until about 3@@. These differences are consistent with the hygsidhhat
the fluorescence decay has a bi exponential fortmgtoncentration.
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FIGURE 4.16 Comparison of the residuals of streiched double
exponential fits to the fluorescence decay of (M444anadium doped
GLS.

Figure 4.17 shows the fluorescence decay of 1.088%4.S fitted with a stretched and
double exponential function. Similarly to 0.44% pestion reveals the stretched
exponential does not describe the data as well |msvar concentrations and the double
exponential function is a better fit. Thé Rr the double and stretched functions are
0.9945 and 0.9839 respectively. The lifetimes li@er double exponential fit are 4 and 28
us.

This observation of a slow lifetime component a¥406 and 1.04% doping
concentrations which is very similar to the singigetched exponential lifetime
observed at lower doping concentrations, is thoughthave phenomenological
significance and indicates that a characterisigtithe component of ~ 3Qus is present
at all concentrations measured. It is noted timteswe are modelling the decay in our
glass with the stretched exponential model we shdiilthis decay with a double
stretched exponential. However in order to minintts& number of regressor variables,
So that a fair comparison can be made betweentheniodels, a double exponential is
thought to be a good approximation. This is becausengle exponential function can
be fitted to a stretched exponentigH 0.8) with R = 0.9839.
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FIGURE 4.17 Fluorescence decay of 1.038% vanadiped
GLS fitted with a stretched and double exponential.

When exciting at 830 nm, the lifetime of 0.09% V$&Wwas 35us, compared to 3jis
when exciting at 1064 nm; this slight increase ifetime can be explained by the
preferential excitation of ions in higher crydtiald sites. Lifetimes were also measured
for vanadium doped GLSO samples although sampléls svidoping concentration
higher than ~0.1% were not fabricated because efa$s of ORC facilities. There are
two known mechanisms whereby concentration quegcban occur: cross relaxation
and concomitant transfer. In cross relaxation aacitest ion and an unexcited ion
interact and some of the energy of the excitedisotransferred to the unexcited ion
whereby both ions end up in an intermediate en&rgsl, from which they both decay
non-radiatively. In concomitant transfer the exia is transferred from one ion to a
neighbouring ion such that the second ion endsruphé same excited state, the
excitation is transferred very rapidly between tbas, which greatly increases the
probability that an ion close to a defect in thasgl will be excited and decay non-
radiatively. The theory of concentration quenchpgdicts the decay rate W will
increase linearly with the square of ion concemraC: [114]

W =W, +UC? (4.12)

Where W is the decay rate in the absence of concentrafieenching and U is the
energy transfer parameter. Figure 4.18 shows feénies of V:GLS and V:GLSO
fitted with a stretched exponential up to concedins where no deviation from
stretched exponential behavior was observed. Tderdi shows that V:GLSO has a
longer lifetime than V:GLS, for the same doping cemtration and that both have a
slight negative dependence of lifetime with dopaagncentration, with this dependence
being greater in V:GLSO. The fit of equation 4.1®ws that for vanadium doped
GLSO W and U are 0.023@s” and 1.3221us'%molaf® respectively, whereas for
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vanadium doped GLSO yand U are 0.030@s" and 0.3979is'%molar® respectively.
Since there is not known to be an intermediateg@nievel between the emitting energy
level and the ground state of V:GLS concomitantngfer is proposed as the
concentration quenching process occurring in tieL\& system.

447 ® Vanadium doped GLSO

—— Theoretical fit
v Vanadium doped GLS
—— Theoretical fit
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FIGURE 4.18 Lifetimes of vanadium doped GLS and GL&s a function
of doping concentration for fluorescence decaysctvitould be fitted to
the stretched exponential function. These lifetinave been fitted with
equation 4.12.

The coefficient of determination of an unconstrdindouble exponential can be
misinterpreted if the data follows stretched expuia¢ behaviour. This is because
certain combinations of the parameters of a doelfgnential function can give the
appearance of stretched exponential behaviour. iEhibustrated by fitting a double
exponential to an artificially generated stretckegonential which often has an #ery
close to 1 i.e. an almost perfect fit. Investiggtthe mathematical relevance of this is
beyond the scope of this work. To overcome thidblenm it was assumed that if bi-
exponential behaviour was present it should haleng lifetime component of around
30 us and a short lifetime component of aroungs5This assumption was implemented
by fitting equation 4.11 to the decay data with tfbdowing constraints: 6&>4,
31>1,>29. These ranges are somewhat arbitrary and tjeetadif the constraints are to
show the conformity to bi-exponential behaviourhnlifetime components of around 30
and 5us at concentrations greater than ~0.1%.

Figure 4.19 shows the?Rof stretched and constrained double exponentislds a

function of vanadium concentration, to allow easi¢erpretation of the data a log scale
has been used. Figure 4.19 indicates that theck&@texponential gives an almost
perfect fit for vanadium concentrations up to 0.18bove ~0.1% concentration the
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fluorescence decay starts to deviate from stretagubnential behaviour which is
manifested as a decrease ih Rhe R of the constrained double exponential shows a
relatively poor fit up to a concentration of ~0.1¢fere the decay is then better
described by a bi-exponential. If higher doping cantrations of V:GLSO had been
fabricated it is believed they would follow the sanrend observed for Ti:GLSO
(section 5.2.4) where the?Rf the stretched exponential did not decreaseifiigntly

up to a concentration of ~1%.
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FIGURE 4.19 R of stretched and constrained double exponentislafé a
function of vanadium concentration.

Figure 4.20 shows that the stretch factor decreéises increased stretching) with

increasing doping concentration. This behaviourcamsistent with the temporally

heterogeneous dynamics model of stretched exp@hdethaviour and can be explained
by the increased proximity of fluorescing ions tefatts in the glass as the
concentration is increased. However, projectingdiinetch factor to zero concentration
indicates an initial stretch factor of ~0.8 for lest possible concentrations. This could
either be caused by a high concentration of defettthe glass or a continuous
distribution of lifetimes (spatially heterogeneaysmamics).
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FIGURE 4.20 stretch factor as a function of vanadidoping
concentration in GLS and GLSO.

The finding that there is a deviation from stretthexponential behaviour in
concentrations above 0.1% in GLS but not in GLS@e(sSTi:GLSO lifetime
measurements, section 5.2.4) and that lifetimeslarger in GLSO indicates that
another effect is taking place and that it is sdvingt to do with the oxygen content of
the glass. GLS contains ~0.5% (molar) oxygen wief@hSO contains ~15% (molar)
oxygen. We therefore propose that two receptibessior transition metals exist in
GLS glass; a high efficiency oxide site and a Idficiency sulphide site. In GLS the
transition metal ion preferentially fills the higéfficiency oxide sites until, at a
concentration of ~0.1%, they become saturated hadadw efficiency sulphide sites
starts to be filled; this explains the deviatioanfr stretched exponential behaviour at
concentrations > 0.1% and the appearance of deaisic fast and slow lifetime
components. The peak position and shape of the@iimo bands of V and Ti:GLS do
not change significantly as concentration increases 0.01 to 1%, however one
would expect a noticeable red shift in absorptiming from an oxide coordinated
transition metal to a sulphide coordinated traositmetal. So the oxide site probably
doesn’'t have oxygen directly bonded to the tramsitnetal ion. The observation that
the 0.1% threshold is five time less than the orygentent of GLS indicates that the
oxide site contains around five oxygen atoms.

To put these findings in a structural context pdesefer to the discussion of oxide and
sulphides site in GLS in section 2.8.3. Dopant ionglasses are generally expected to
enter substitutionally for network modifier catidig®] The main network modifier in
GLS is L&'[68] which is 8 fold coordinated to sulphur with amdetermined
symmetry.[69] We therefore propose that V and Tissitute for LA™ and are sulphide
coordinated; however in the high efficiency oxidees one or more of the sulphur
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atoms is part of an oxide negative cavity whereathé low efficiency sulphide sites
none, one or more of these sulphur atoms is pa# sidlphide negative cavity. Two
dopant reception sites have been reported for dggpn doped GLS (Dy:GLS),[16]

key differences with this work are that the life¢isnin Dy:GLSO and Dy:GLS were 100
us and 2.54 ms respectively. This meant that thdeogite was low efficiency and the
sulphide site was high efficiency. Separate abgmordgiands were also identified for the
two sites.

Dysprosium has the same outer electron structuteaaso if Dy substitutes for La the
8-fold coordination and any symmetry that may algeaxist would be expected to be
maintained. However as a consequence of the oldetr@n structure and the relative
size of V and Ti ions, tetrahedral and octahedmrdination are the most likely
coordinations to occur. Analysis in this chaptedigates that vanadium is in a 2+
oxidation state and is octahedrally coordinatedttgoaddition of a transition metal to
GLS will change the coordination of the La sitesutbstitutes for from 8 to 6 or 4 (6 in
the case of V:GLS) and bring about symmetry thay mat have already existed. The
oxide site being high efficiency for V:GLS and TLS, but low efficiency for Dy:GLS
can be explained because O is more electroneghaiwveS so the oxide site will have a
slightly higher crystal field strength than thehitle site. The separation of the lowest
energy levels in transition metals is stronglyuefhced by crystal field strength so there
will be a greater separation of the two lowest gpelevels and therefore a lower
probability of non-radiative decay. Energy levaisrare earths on the other hand are
influenced very little by crystal field strengthh& oxide site is expected to have a
higher phonon energy than a sulphide site[16] Wusild increase the probability of
non-radiative decay for both transition metal aacerearth dopants. If the decrease in
non-radiative decay caused by the increase inarfisid strength is greater than the
increase in non-radiative decay caused by the aserén phonon energy for a transition
metal in an oxide site then this would explain vthg oxide site is high efficiency for
transition metals and low efficiency for rare-earth

4.8 Average Lifetime

Because the fluorescence decay in this study hers imedelled with both stretched and
double exponential function, comparisons betweeritétimes are difficult. Because of
this the average lifetime is used for comparisothia section. The average lifetime is
the statistical average lifetime as used in popuaanalysis, and can be thought of as
the summation over all time of the number of meml§ekcited ions in this case) lost in
a time intervalAt multiplied by their age at loss; this quantitythen averaged over the
total population.[104] Equation 4.13 gives the ager lifetime in integral form[85, 104,
115]

J'” tl (t)dt
T =0 (4.13)

av =i d
LO | (t)dt
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Where [(t) is the detected emission decay datatgnds the time when the detection
limit is reached. Figure 4.21 is a graphical repng¢ation of tI(t) and I(t) which should
aid the reader in understanding how the averagecafaslated, tl(t) was divided by 10
so that it was scaled to I(t).
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0.8 1

— (1)
061 — tI(t)
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0.2 1

OO T T T T T T
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FIGURE 4.21 Graphical representation of I(t) an() tfor 0.096%
vanadium doped GLS.

As shown in figure 4.21 I(t) and tI(t) were notagtated past a time when the signal
detection limit was reached, since at this poir} Hnd ti(t) are almost entirely
comprised of noise; this increasksl(t) to a much greater extent théri(t) which
increases,,. The detection limit was set to the time at whi@h was 1% of its initial
value.

Figure 4.22 shows the average lifetime of V:GL&dsnction of doping concentration.
The first point to note about the average lifetim¢hat it is nearly double the lifetime
calculated with the stretched exponential modelisTie because stretching of an
exponential effectively causes y=0 to be approadited slower rate than in a single
exponential and will therefore preferentially inase/ tI(t) to a much greater extent than
[ 1(t) which will increase the average lifetime inraparison to the lifetime calculated
using the stretched exponential model. This is sighificant because the average
lifetime is used here as a statistical comparisoh t
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FIGURE 4.22 Average lifetime of vanadium doped GdsSa
function of doping concentration. The lines areuag for the
eye.

The average lifetime as a function of doping cob@ion in figure 4.22 shows how the
rate of decrease of average lifetime slows at aanaBons > 0.5 %, this is attributed to
saturation of defect centres in the glass.

4.9 Frequency resolved lifetime measurements chdam doped GLS

Frequency resolved lifetime measurements were nustteg the setup described in
section 3.3.5 using 1064 nm excitation. Frequewsplved lifetime, otherwise known
as frequency resolved spectroscopy (FRS), has fregrosed as a method of avoiding
misinterpretation of temporally resolved lifetimeesasurements, otherwise known as
temporally resolved spectroscopy (TRS).[72] WHIRS and FRS are equivalent in
systems displaying exponential decay with a sing&time, in more complicated
systems this equivalence breaks down. For exampla ibi-exponential system,
variation of the excitation pulse width in TRS wibry the relative contributions of the
fast and slow components, however in FRS the twmpoments are present in a
proportion relative to their intrinsic populatiof®2] FRS also avoids problems that can
occur with TRS in systems with second order recoatin kinetics.[72] Another
advantage of FRS over TRS is that a lock-in amgliftan be used to take the
measurement which allows much weaker signals tebected.

The FRS measurements presented here are intendedeeyence and back-up to the
TRS measurements. FRS measurements are typickdly taith the in-phase and phase
quadrature signal from a lock-in amplifier. Phaseadrature FRS (QFRS)
measurements can reveal clearer information abistiitaditions of lifetimes than in-
phase FRS measurements[116-118] but are beyondctipe of this work. A useful
analogy for understanding how fluorescence lifeticen be calculated from FRS
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measurements is to think of the fluorescing matexgaacting as a single RC time-
constant filter with a cut-off frequency inversely proportional to the lifetime of the
material. Hence the lifetimer)(can be calculated from an in phase FRS measutemen
using equation 4.14.

(4.14)

Where the cut-off frequenay. is defined as the frequency in the stop-band atiwine
output power is half the output power in the paaseb(Rasj.

The in phase FRS measurements for 0.0023%, 0.0244P4.038% V:GLS are shown
in figure 4.23 along with the respectiveused to calculate the lifetime. The lifetimes
calculated from FRSt{rg) and TRS {rrs) measurements are given in table 4.5.

TABLE 4.5 Lifetimes of various concentrations ofGLS, calculated by FRS and TRS. T TRS
lifetime calculated from stretched exponential (éxcited at 1064 nm), ¥ TRS lifetime
calculated from average lifetime (excited at 10649).ntt 633 nm excitation.

Vanadium concentration (%molar) v(KHZ) Trrs(US) Trrs (US)
0.0023 4.8429 32.86 33.34%
0.0944 5.0441 31.55 30.15%
1.038 16.5015 9.64 11.10%
0.0944 5.014 31.861t -

The lifetimes calculated by FRS are in excellenteament with TRS lifetimes
calculated using the stretched exponential functihms validates the use of the
stretched exponential function in calculating thfescence lifetime. The FRS lifetime
measurement for 1.038% V:GLS is in reasonably gageeement with the average
lifetime. The lifetime measured using a 1 mW 638 laser excitation source is in
excellent agreement with the lifetime measured @641 nm in table 4.5. TRS
measurement was not possible at 633 nm excitatenause of the relatively low
emission intensity at this wavelength (see V:GLERigure 4.12) and the low power
available; this highlights the advantage of FRSroMeS measurements. The lifetimes
of 0.0944% V:GLS measured at wavelengths of 638,88 1064 nm were 32, 35 and
30 us respectively, see table 4.5 and section 4.7.t&ham at these wavelengths
roughly equates to excitation into each of thedhwsbserved absorption bands and the
observation of the same characteristic lifetimadates that the three absorption bands
all belong to the same oxidation state of vanadium.
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FIGURE 4.23 In phase FRS measurement of V:GLS aiows
concentrations. Excitation was at 1064 nm unlestedtotherwise.

4.10 Continuous lifetime distribution analysis @fmadium doped GLS

So far the analysis of fluorescence decay datafascion of vanadium concentration
using stretched and double exponential fits hascated that at low concentrations
there is a continuous distribution of lifetimes and 30us; which, in part at least, leads
to a stretching of the decay. At higher concerdgrathere are two decay constants of ~5
and 30us. Another method for recovering decay constantsoisise an approach
originally used in molecular physics and biophydi@9-123] and later applied to
chromium doped aluminosilicate and gahnite glass{127] in which the distribution
of the luminescence decays is approximated by aimueous function of decay
constants, Ad). Thus the luminescence decay is given by

| (t) = j@e*”dr (4.15)

For ease of calculation equation 4.15 can be ajppaird by the discrete representation

1(t) = Zé et'n (4.16)

If a logarithmic scale is used ferequation 4.15 becomes

| (t) = j A(T)ed(In7) (4.17)
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And equation 4.16 becomes

| (t) = ZAe‘““ (4.18)

The coefficients Aenumerate the contributions of those sites thet badecay constant
7i and were calculated from the decay data by repressalysis using the Marquardt-
Levenberg algorithm given in equation 4.9. Equatiri8 was implemented in
MATLAB with the assistance of Dr. Giampaolo D'Alasslro, School of Mathematics,
University of Southampton; the code is given in eqix A. The lifetime valuest,
were spaced logarithmically between two specifiéetines. The number of values
was also specified. In previous work 185values were shown to give unambiguous
results;[125] 120 values were chosen for this work. Because suenge Inumber of
parameters were being fitted the reliability of firecess was tested. This was done by
creating a computer generated lifetime distributcmmsisting of two Gaussians with
120 logarithmically spaced lifetime values. The @axpntial decay for this artificial
lifetime distribution was then computed and finate continuous lifetime distribution
model was used to recover the lifetime distributeenshow in figure 4.24. The figure
show that the model unambiguously identifies tvietiine distributions and accurately
recovers their centre of gravity, there is howeseme discrepancy with the relative
intensity and shape of the lifetime distributions.

1.2 4 e  Computer generated liftime distributign
A  Recovered lifetime distribution
A
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FIGURE 4.24 Test of continuous lifetime analysisht@ique using
a computer generated continuous lifetime distrdouti

The decay for the artificial lifetime distributiceind the fit to the continuous lifetime
distribution model are shown in figure 4.25 andi¢ate an excellent fit to the artificial

decay.
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FIGURE 4.25. Exponential decay for the artificialetime
distribution fitted to the continuous lifetime disution model.

The choice of the range of decay constants wagdftwifbe extremely important for the

guality of the fits, because of this the rangesenaaised on lifetime measurements in
section 4.7. Figure 4.26 shows the fluorescencaydeof 1.038% and 0.0955% fitted

with the continuous lifetime distribution modeletligure indicates an excellent fit to

the observed decay.
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FIGURE 4.26 Some fluorescence decays of V:GLSdfitkth a
continuous lifetime distribution.

Figure 4.27 shows how the distribution of lifetimesies with vanadium concentration.
The figure shows that at the lowest concentratiogre is a single distribution of
lifetimes with a centre of gravity around 35, which is in good agreement with the
lifetime calculated from stretched exponential dit 33.4 us. As the concentration
increases, two distribution peaks become appaosat,centred around 33 (peak 1)
and another around |55 (peak 2). It is also clear that, as the concgatrancreases,
peak 2 becomes more intense in comparison to pedkeldistribution of lifetimes also
appears to be narrower in peak 2. Since the cehtgeavity of the lifetime distribution
peaks can not be identified precisely from figur274they are given in table 4.6 along
with lifetimes calculated from double and stretcleeghonential fits. Table 4.6 shows
that there is excellent agreement between theintitdistribution peaks and the
stretched and double exponential peaks. The ligetolstributions also verify the
assignment of double exponential behaviour at aunggons > ~0.1. However the
lifetime distribution for 0.0955% V:GLS, which wédsund to be better described by a
stretched than a double exponential, shows thé¢tarle component ~ s is present
although this component is small in comparisorh®distribution ~ 3@s.
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Figure 4.27 Lifetime distribution in V:GLS at vaui® vanadium concentrations

TABLE 4.6 Lifetimes identified by continuous lifete distribution, double exponential and

stretched exponential fits to the fluorescence ylech V:GLS at various vanadium
concentrations.

Vanadium | Continuous| Continuous Double Double Stretched
concentration| lifetime lifetime exponential| exponential| exponential
(Yomolar) distribution | distribution | fit 71 (us) fit T2 (us) fit (us)

peak 1 (1s) | peak 2\s)
0.0023 34.9 - - - 33.34
0.0944 30.0 4.8 - - 30.15
0.4443 26.5 5.5 28.8 5.9 -
1.038 26.3 4.4 28.3 4.4 -
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4.11 Temperature dependence of emission lifetime

4.11.1 Introduction

The temperature dependence of emission lifetim@@323% V:GLS is modelled using
a unified model of the temperature quenching ofavasline and broad-band emissions
developed by Struck and Fonger.[128] The Struckgeéonmodel for non-radiative

temperature dependence accounts for the presenomultple activation energies in

initial vibrational states which is thought to be @amprovement on earlier single
activation energy models.

4.11.2 Determination of quantum efficiency

Transitions from the excited state of a ion caruo@ither radiatively with the emission
of a photon or non-radiatively through multi-phoraecay. The total decay rate W of a
transition is the sum of the radiative decay rateaWd the non-radiative decay rate;W

1 1 1
W=W +W ===—+— (4.19)
r 1, T
In emission lifetime measurement it is the totalssion lifetimer that is measured; is
the radiative lifetime and,, is the non-radiative lifetime. The quantum effrmgn can

be calculated from the ratio of the radiative decdg W and the total decay rate W:[3]

nr

W W-W, T T (4.20)
w W T r—T

r nr

The total decay rate can be measured relativelplgintherefore the radiative decay
rate W or the non-radiative decay rate,Whust be calculated in order to obtain the
quantum efficiency.

4.11.3 Struck- Fonger fit

The temperature dependence of the radiative deatayW(T) can be expressed by a
coth law:[60]

E.
W (T) = R, coth —2 4.21
Where Rj, is the radiative decay rate at OK,pHs the energy of the acentric (odd
parity) phonon. The acentric phonon differs frone tiotally symmetric (“breathing

mode”) phonon in that it can force an electric-dgpdransition probability due to

mixing with higher lying levels of different parity

The temperature dependence of the non-radiaticaydete W,(T) can be expressed
by the Stirling approximation of the model of Skwnd Fonger:[128]
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* p
W, =R,e %™ ﬁ;p {zifp[nq (4.22)

Where

p = \/ p? +4S*(1+ m)(m),
(m) =

ehwl kT _ 1

Where S is the Huang-Rhys parameter, which desctil®amount of overlap between
the ground and excited state parabola, p is thebaumf phonons bridging the energy
gap, R is the non-radiative decay constant and ik the energy of the effective
symmetric phonon. This approximation is valid foe®. At 0K <m>— 0, therefore
W, at OK is given by:

W, () =R, %ﬁ(fj (4.23)

Hence equation (4.22) can now be expressed inra fehich is used to fit to the
experimental data:

W, (T) =W, (0){—2} {M} gl -r-2md (4.24)
p p+p

The total decay rate is thus given by:

W :VVr +Wnr :VVr (Rvib’ Evib) +Wnr(Rnr ’hw’ S’ p)

_ B e (s i P 1/2 2p(1+m) p (b -p-2m9
=R,y cot 2kT)+R1r\/%(p] |:p} |: Py }e (4.25)

This equation can now be fitted to the measure@mx@ntal data (the total decay rate
W as a function of temperature) in order to findpfairameters to calculate the radiative
decay rate Wand hence calculate the quantum efficiency.

4.11.4 Parameter estimation

In order to achieve a valid fit to the experimerdata, initial estimates of the start
values of the fit parameters need to be made asatety as possible. The Huang-Rhys
parameter, S, and the acentric phonon energy, Ean be estimated from the
temperature dependence of emission bandwidfhi[60]

r(T)= 2.36hw\/§(cot{ﬂn (4.26)

2kT
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Temperature dependent emission bandwidth measutemeere taken using the
photoluminescence spectroscopy setup describegctios 3.3.2 but with the 0.0023%
V:GLS sample enclosed in a Leybold AG helium gasetl cycle cryostat. When the
cryostat reached the desired temperature it waatiéhat temperature for 40 minutes to
allow for any thermal inertia between the tempematsensor and the sample. The
excitation source was a CW 1064nm Nd:YAG laser @approximately 0.5 Watt output
power. Emission was detected with an EG&G optosdeats J10D liquid nitrogen
cooled InSb detector. Figure 4.28 shows the speplotted in energy taken at

temperatures varying from 6.6 K to 293 K. Thesecspewhere fitted to the 4 parameter
Gaussian in equation 4.2.
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FIGURE 4.28 Emission spectra of 0.0023% V:GLS atrious
temperatures fitted with a 4 parameter Gaussian.

The variation in FWHM of the Gaussian curves inufg 4.28 was less than the
estimated resolution of approximately 60 triThis indicates that emission broadening
due to an inhomogeneous broadening mechanism, asiche range of crystal field
strengths (Dq) that can be created in differensgksites,[129] is much stronger than
that caused by the coupling of vibrational modelse B and & parameters cannot
therefore be estimated using this method. The wdeal was estimated to be
approximately 60 cih by averaging the difference between bandwidth oreasents
taken at the same temperature. The accuracy oéxpisriment was hampered by noise
from the detector caused by vibration of the closgde cryostat. Several methods of

isolating the detector from the vibration were driut none succeeded in eliminating
the vibration.
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The Huang-Rhys parameter S can also be calculabed the emission bandwidth at
OK:[60]
[ (0) = 23612 (4.27)

The bandwidth measured at 6.6K was measured to7d® tnt and is a good
approximation for the OK bandwidti'(0)). The maximum phonon energyp,hhas
been measured previously[34] to be 4257crthis gives an estimate for the S
parameter of 2.95.

If the ground and excited state parabola are idahthe Huang-Rhys parameter S can
also be calculated from the difference betweerethession and absorption band peaks
(known as the Stokes shift (SS)) and the maximuonph energy &:[60] SS=(2S-1)
ho. A description of the Huang-Rhys parameter andke&ahift in terms of the single
configurational coordinate model is given in sectih5. The 300K absorption peak at
9091 cnt and an emission peak at 6725 cgives a Stokes shift of 2366 ¢mThis
gives an estimate of the S parameter of 3.28, ifferehce to the OK emission
bandwidth calculation may be because the groundexoded state parabola are not
identical. The number of phonons bridging the engap E., can be calculated from
p=Egafho. Egapfor V:GLS is 6725 cm-1 which gives p=15.82.

Assuming that &, is equal to the maximum phonon energy the radiative rate at 0 K
can be estimated:[130]

Ry (0K) = —=—— = — (D) (4.28)

7, (0K) r(T) coti{ZElZ#j

Then using the quantum efficiency for V:GLS at 30®f 0.04 calculated in section
4.12 and the lifetime at 300 K of 3&, Ri(OK)=W;(0K) was estimated to be 938.s
Approximating W(OK) to 1/(6.5K) and using equation 4.19, ,M0K) ~ 18290 & .
Using equation 4.23 with S=2.95, M0K)=8290 & and p=15.82 the non-radiative
decay constant Ris 9x13° s*.

4.11.5 Temperature dependent lifetime measurements

Temperature dependent lifetime measurements ween taising the fluorescence
lifetime setup described in section 3.3.4, excejph the sample enclosed in a Leybold
AG helium gas closed cycle cryostat. Fluorescenas @etected by a new focus 2034
extended InGaS detector. The excitation sourceavd864nm Nd:YAG laser with the
output power attenuated to approximately 10 mW. WVhige cryostat reached the
desired temperature it was left at that temperatore40 minutes to allow for any
thermal inertia between the temperature sensortlamcsample. The emission decay
curves, for various temperatures between 6.6 K288 K are shown in figure 4.29
together with the stretched exponential fits thatewused to calculate the 1/e lifetimes.
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FIGURE 4.29 Emission decay of 0.0023% V:GLS at &l
300 K together with stretched exponential fits.

The experimental data was fitted to equation 4.4&h whe parameters estimated
previously as initial parameters. All of the paraene were fitted to the data except h
which has previously been determined experimentallg was set as a constant. The
initial and fitted parameters are given in tablé. &igure 4.30 shows the experimentally
determined decay rates, the Struck-Fonger fit &aednbn-radiative decay rate,,.XV),
calculated from the fitted parameters,Rhw, S and p with equation 4.24. The figure
indicates that the Struck-Fonger model describeseémperature dependent decay rate
of V:GLS very well from 300-210 K but then thereaissmall deviation that can not be
accounted for by the model, this may be relatethéodisordered nature of the glass
host. It can also be seen that at 0 K there allesstong non-radiative processes
occurring.
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FIGURE 4.30 Experimental data for the total decaye rof
0.0023% vanadium doped GLS as a function of tentpexditted
to the model of Struck and Fonger and the non-tagisdecay
rate as a function of temperature was calculatedn fthe fit

parameters.
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In figure 4.31 the quantum efficiency (QE) as action of temperature)(T) was
calculated from experimentally measured total daeag as a function of temperature
W(T) and the non-radiative decay rate as a funabibtremperature W(T) with: n(T)=
W(T)-Wn(T)/ W(T). The fit shows a 5.1% QE at room temperatwhich is in
excellent agreement with the spectroscopically rdateed QE of 4.2%. Errors in the
calculated QE were estimated from the coefficiehtdetermination of the Struck-

Fonger fit.

TABLE 4.7 Initial estimate and fit parameters fdrugk-Fonger fit.

Ruib (1) | Evin(cm?) | Ry (8 | ho (cmi) | S P
Initial estimate 936 425 | 9x10° | 425cmt | 2.95[ 15.82
Struck-Fonger fif 4549 1414 7.9x10 - 2.79| 15.05
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FIGURE 4.31 Temperature dependence of the quantum
efficiency of 0.0023% V:GLS calculated from the u#k-
Fonger model.

The temperature behaviour of the quantum efficidacimilar to that observed in €r

doped garnates[130] which showed and increase UB@oK, caused by coupling of
non-totally-symmetric phonons which forced electdgole transition probability.

Above 130 K non-radiative decay processes domimaaie the quantum efficiency
decreases.

4.12 Quantum efficiency measurements

Measurement of a material's fluorescence quantdmiaricy (QE) is a key parameter
in determining if it will be useful for various ao¢ devices such as optical amplifiers
and lasers. It is particularly important for maadsithat have transition metals as the
active ion because a key laser parameter, thetradidecay rate (otherwise known as
the Einstein coefficient A), can not be determifrean Judd-Ofelt analysis as it can be
for rare earth dopants. If the quantum efficiengyt) is known then the radiative decay
rate (W) can be calculated from the, relativity easily swead, fluorescence lifetime)(
using the following relationship: W& nog/t.

Quantum efficiency measurements were taken usiagntethod described in section
3.3.7. Figure 4.32 illustrates how the entire emisspectrum was found by fitting a
Gaussian to the limited emission spectrum deteftted the output of the integrating
sphere.
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FIGURE 4.32 Emission spectrum of 0.0023% V:GLS take
with an integrating sphere and fitted to a Gaussian

Appendix B gives the area under all the spectr&rtakogether with the calculated
guantum efficiencies. The quantum efficiency far tanadium doped GLS samples are
illustrated in figure 4.33 including the experimainterror bounds. The quantum
efficiency as a function of vanadium doping concatihn follows a similar trend to the
lifetime i.e. decreasing with increasing doping @amtration. However whereas the
lifetime in V:GLSO was higher than V:GLS for thensa vanadium concentration it
appears that the quantum efficiency is the samsligitly lower in V:GLSO for the
same doping concentration. This means that in VGlti& radiative rate is lower than
in V:GLS since W= Wn, wheren is the quantum efficiency. The decrease in QE with
increasing concentration can be attributed to m®ed re-absorption of the emission
and/or increased concentration quenching.
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FIGURE 4.33 Quantum efficiency of vanadium dopdds@s a

function of doping concentration measured with ategrating
sphere.

The formula of McCumber,[131] in equation 4.29, used to calculate the peak

emission cross section.
o = 2 A 2 42
e 7T 4ren® AA (4.29)

Wherel, is the peak fluorescence wavelengh, is the FWHM, n is the refractive
index, c is the speed of light and A is the Einstepefficient (also known as the
radiative rate (W) and is calculated from: A = QE/The peak emission cross-sections,
calculated for various concentrations of V:GLS &h@LS, are given in table 4.9.

TABLE 4.9 Details of vanadium samples with theispective quantum efficiency, peak
emission wavelength\(.y), emission bandwidthsAf), emission lifetimestj, emission cross
sections €.r) andc.t products at room temperature.

Vanadium Host Sample QE | Mmax | AL | T (nS) Gem GenT
concentration dimensions| (%) | (nm) | (nm) (10%* (10
(Yomolar) (mm) cnr) *scnf)
0.0023 GLS 8x5x4 419 1470 484  33.35 2.721 9.0B
0.0616 GLS 8x5x3 2.08 1508 44y 31.47 1.716 5.4D
0.0944 GLS 8x8x0.5 156 1536 462 30.15 1.579 4.76
0.0087 GLSO 8x8x0.5 343 1461 450 42.68 2.051 8.15
0.0242 GLSO 8x8x0.5 298 1446 448 40.39 1.886 7.62
0.0489 GLSO 8x8x0.5 1.86 1447 447 36.60 1.306 4.18
0.0608 GLSO 8x8x0.5 1.4p 1482 447 35.84 1.078 3.6
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The emission lifetime and cross section are immbrtgarameters for the

characterisation of a laser material because ger kareshold is inversely proportional
to oent.[130] Because of this the most favouraslgr found in this work for 0.0023%

V:GLS is compared to that in other laser mateiiatsble 4.10.

TABLE 4.10 Overview of the spectroscopic parameters/arious laser materials compared to
V:GLS. * These lasers only operate at low tempeestu

lon Host QE (%) T (ns) Gem GenT Reference
(10" cnf) (10**scn)

V2 GLS 4.19 33.35 0.02721 0.0908 This work

vz | MgR* - 40 0.045 0.18 [103]

vZ | KMgFs* |87 1200 0.04 4.8 [103]

VZ* | CsCal* |40 1400 - - [6]

Ti* | AlLO; 100 3.1 4.5 1.40 [132]

Table 4.10 compares the spectroscopic parametars this work with those of other

V2" doped laser materials and the commercially sube$sSapphire. Comparisons

indicate that the lifetime of V:GLS is comparable leetter than existing doped laser
hosts. Though the QE and emission cross-sectiarodoompare favourably, the ability
to form optical fibres from V:GLS may overcome paial heat dissipation problems
caused by the low QE (due to the large surface @realume ratio of optical fibres).

Additionally, the high pump beam confinement thah @lso be achieved in a fibre
could compensate for the low emission cross section

4.13 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectra (XPS) were taken usiveg setup described in section
3.3.8 and is used here to determine the oxidatiate ©f the vanadium ion. An XPS

spectrum of 1% vanadium doped GLS is shown in &gd134 with a close up of the

vanadium peak in figure 4.35. Photoelectron specfraon conducting samples are
known to have a shift in energy due to chargingh&f sample which can exert an
attractive force on escaping photoelectrons andgdeause an unknown energy shift in
the spectra.[77] This is usually corrected fornfrthe position of the C1s peak of non-
intrinsic carbon present in nearly all samples.]1B®wever the region of the Cls

signal showed a complex structure, making it difificto assign the peak of the

adventitious carbon, so the spectrum was correctied) the O1s peaks. Next the elastic
tail, or Shirley background, which is caused byc&tas rebounding off ion sites, was
removed. Then the spectrum was deconvoluted usisgrias of Gaussian-Lorentzian

peaks into a best-fit of the measured spectrum.
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FIGURE 4.34 X-ray photoelectron spectra of 1% vamadioped GLS.
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FIGURE 4.35 Close up of vanadium peak for X-ray
photoelectron spectra of 1% vanadium doped GLS.
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The spectra in figure 4.34 and 4.35 show a verpadnreanadium peak suggesting the
presence of mixed oxidation state3'M*'/V*¥*/\V?*/v°*, with V°* being the dominant
species. A mixture of vanadium oxidation states Ib@sn observed in other glasses.
Optical analysis indicates the presence 8f W** and \#* in vanadium doped flame-
hydrolysed fused silica[81] and vanadium dopedNaSIQ glass.[86] The position of
the peaks for the different vanadium oxidation egais consistent with XPS spectra
previously taken of YOs, VO,, V,0; and V metal, which have been attributed t§2p
core electrons.[134] The peak at 520 eV is condisteith the 2p? peak of
vanadium.[134] Ar ion sputtering can alter the axion state of the vanadium; however
the V" would be expected to decrease with Ar ion sputteras the oxygen would be
more likely to be sputtered than vanadium as d kghter element. XPS has been used
to determine the oxidation state of chromium dopedium silicate glass.[135] Which
similarly shows a mixture of oxidation states prese the form of C",Cr** and CFf".

The four O1s peaks give an indication of the stmecbf GLS glass. The peak at 530 eV
is believed to be a non-bridging oxygen i.e Ga-6f the oxide negative cavities
described in section 2.8.3 as it corresponds tosHme binding energy of the non-
bridging oxygen previously observed in XPS speofraodium silicate glass.[136] The
other three peaks at 534, 537 and 539 eV are wtttdbto bridging bonds of La-O-La,
Ga-0O-Ga and S-O-S respectively.

The XPS spectra of vanadium doped GLS clearly atdi@ broad range of vanadium
oxidation states. However the resolution and sigh@ngth of the measurement is not
high enough to unambiguously identify each oxidatgtate and give an accurate
compositional ratio. Because of this the absorptimss section can not be accurately
calculated because the ratio of vanadium that mesnaithe optically active form is not
known. A more sensitive XPS measurement, or a tqabnsuch as x-ray absorption
near edge spectroscopy (XANES),[137] would be néedefind the ratios of each
vanadium oxidation state.

XPS measurements and analysis where carried ouwdr uhd supervision of Dr. N.
Blanchard using facilities of the Advanced Techggldnstitute, University of Surrey.

4.14 Electron paramagnetic resonance.

The various oxidation states of a transition meébal often give a unique electron
paramagnetic resonance (EPR) fingerprint which ¢en used as a qualitative
identification of the oxidation states present inparticular glass system. EPR
measurements are used here to complement XPS rapasus in the identification of
the oxidation state of V:GLS.

Electron paramagnetic resonance (EPR) measuremanmts taken using the method
described in section 3.3.9. The x-band EPR spe¢tiiae \* ion at low concentrations
(<10%) is known to exhibit an absorption peak atuad 3500 Gauss, with well
resolved hyperfine lines due to the presence ofitigmired 34 electron.[138-143] The
V* ion almost exclusively exists as vanadyl ion &¥)an a tetragonally compressed
octahedron with & point symmetry.[144, 145] The broad peak at aroG600 in
figures 4.36 and 4.37, is very similar to the uahesd hyperfine EPR lines of the*V
ion observed in vanadate glasses witfOy concentrations >10%[139, 141]. The
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disappearance of the hyperfine lines is attributedpin-spin interactions, one such
interaction occurs via a so called super-exchamga electron, i.e. hopping of a mobile
electron along a¥-O-V°* bond.[141, 146] The smallest concentration for the
disappearance of the hyperfine EPR lines 6f &bupled by spin-spin interactions in
tellurite and phosphate glasses was found to b&l®%m?® or around 10% by
weight.[141] However the disappearance of th&€ Wyperfine EPR lines has been
observed in vanadium doped silica with"\¢oncentrations of < 1%[140] (similar to the
concentrations in this study) and was attributed ctostering of the ¥ ion.
Disappearance of the *¥ hyperfine EPR lines has also been observed irersilv
vanadate-phosphate glasses witfi \oncentrations 0£10% and was attributed to
modifications of the glass structure caused byntbéifier.[147] Variations in the ratio
of glass modifier to glass network former in sik@madate-phosphate glasses have
shown that this phenomenon can be attributed tenameasingly cross linked glass
network.[146] Clustering may also be the explamafir the disappearance of thé*V
hyperfine EPR lines in vanadium doped GLS at muwskel concentrations than in
tellurite and phosphate glasses, however therenmge andication of hyperfine lines in
the EPR spectra of 0.0023% vanadium doped GLSrfigu37) which indicates that
spin-spin interactions of the*Vion in GLS may occur at much lower concentrations
than reported previously.[141]

1% Vanadium

W
0.5% Vanadium

First derivative of absorption (A. U.)

0 " 2000 4000 6000 8000 10000
Magnetic field strength (Gauss)

FIGURE 4.36 X-band EPR spectra (9.5 GHz) of 1% and

0.5% vanadium doped GLS at 300K.
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FIGURE 4.37 X-band EPR spectra (9.5 GHz) of 0.0023%
vanadium doped GLS at 20 and 80K.

The broad absorption peak at around 3500 GaushenXtband EPR spectra of
vanadium doped GLS is therefore attributed to wivesl hyperfine EPR lines of the
V* ion caused by spin-spin interactions of the foii*-O-V°* or by strong cross-
linking in the GLS glass network. The electroniwsture of \?* is 3¢ and as a result
has a total electronic spin equal to zero and dathrevefore be detected by EPR[147]
The high field EPR spectra (94GHz) of 1% vanadiuopeti GLS at 300K did not
display any feature that could be attributed toadanm. EPR measurements where
carried out using facilities of the School of Plegsand Astronomy, University of St-
Andrews, by Dr. Hassane El Mkami.

4.15 Determination of the oxidation state and cowiion of V:GLS

Determination of the oxidation state of an actiwe dopant is an important part of the
characterisation of a material being consideredfitical device applications because it
determines which energy levels exist within this.i&nowledge of the oxidation state
is therefore needed when modelling the radiativeraon radiative transitions that occur
in an optical material.

XPS measurements of 1%,% doped GLS, given in section 4.13, indicate a broad
range of oxidation states from' Wo V°*. It has been known for some time that at least
three vanadium valence states can coexist in & dlast.[86] Excitation spectra in
figure 4.12 show three distinct and very Gaussiakp at 8625, 13135 and 17240cm
Absorption spectra show a Gaussian peak at 9090 amshoulder at around 13000tm
and an absorption around 18000 to 20000 cfihere is also evidence of a very weak
shoulder on both the excitation and absorptiontsaet 10000cih
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Only one of the possible oxidation states iderditiy XPS is believed to be responsible
for the three peaks identified by excitation andsaaption measurements for the
following reasons. Firstly the same characteriphotoluminescence peaking at 1500
nm with a FWHM of 500 nm is observed when excitingp each band with 514, 808
and 1064nm laser sources, if one or more of treethbsorption bands were caused by
different oxidation states then it would be unlikétat they would generate very similar
photoluminescence spectra. Secondly the lifetiméenwexciting at different laser
wavelengths are also very similar. The slight iaseein lifetime from 3Qus (when
exciting at 1064 nm) to 3ps (when exciting at 830 nm) can be explained by83@
nm pump source selectively exciting ions in higbeysstal field sites which will have a
higher efficiency and longer lifetime. The diffecenis not large enough to indicate that
the 830 nm laser is exciting a different oxidatgiate to the 1064 nm laser. Thirdly the
same characteristic absorption is observed whenngopith vanadium in different
initial oxidation states, ¥ and \LOs, if more than one oxidation state contributed to
the absorption bands one would expect the relattemsities to vary somewhat.

4.15.1 Treatment of each possible vanadium oxidadiate

Vanadium 5+ has a’delectronic configuration and will not have any dbgtical
transitions. However %ions can contribute to optical transitions if #hdés a charge
transfer process. Charge transfer transitions avally high energy transitions which
are predicted by molecular orbit theory but not dmystal field theory. These high
energy transitions promote electrons that mainlgrgeto states of ligand ions to states
that mainly belong to the transition metal ion.[1Gharge transfer transitions are
displayed by the €Ff ion in sodium silicate glass[148] which has absorppeaks at
270 and 370nm. Charge transfer bands &f @r soda-lime-silicate glass have been
identified at 370 nm[149] and in 4B,0; glass at 370 nm [54]. Charge transfer bands
are also displayed by the’Vion in CaPQ,Cl crystal at 260 nm [150]. In N@.2SiQ
glass the transfer band®Wvas measured up to 350 nm but was then obscurédeby
band-edge absorption of the h¢886] All of these charge transfer transitions ocedr

in or around the UV region and are summarised blet&.11. Because the optical
transitions observed for vanadium doped GLS ocd¢ubwer energies they are not
attributed to a charge transfer transition. Theeefd® is not believed to contribute to
any observed optical transition of V:GLS. The apsion of \P*, believed to be present
in V:GLS, would probably be obscured by the bandesabsorption of GLS at ~500nm
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TABLE 4.11 Summary of charge transfer transitian€* and \?".

lon Host Absorption peaky Reference
(hm)

crt* sodium silicatg 270, 370 [148]
glass

cre* soda-lime- 370 [149]

silicate glass

cre* Li,B40; glass 370 [54]

Vv>* CaPO,CI 260 [150]
crystal

Vv>* N&0.2SiQ <350 [86]
glass

Vv>* CaYAIO, 330, 430 [151]

Vanadium 4+ has a‘electronic configuration which means there is anmyg excited E
state[152] and therefore it has only one spin aidwransition {T>— °E,). Vanadium
4+ doped CaYAIQ displays a broad absorption band at 500 nm.[1%@) €xcitation
peaks for V" have been observed due to the Jan-Teller effed@atand 490 nm in
Al;0s, at 419 and 486 nm in YAICand at 432 and 500 nm in yttrium aluminium garnet
(YAG).[152] Based on these comparisons it is thaughbe unlikely that ¥ can
account for the three broad absorption bands obdervV:GLS. The positions of the
absorption peaks for 4 in various hosts, summarised in table 4.12, indiahat
although V}* is thought to be present in V:GLS its absorpticayrbe obscured by the
band-edge of GLS.

TABLE 4.12 Summary of absorption transitions ¢f.V

Host Absorption peaky  Symmetry Transition Reference
(hm)

CaYAIO, 500 Octahedral | “T.—°E, [153]
Al,O3 427, 490 - - [152]
YAIO 3 419, 486 ) - [152]
YAG 432, 500 ’ - [152]

Vanadium 3+ has a’celectronic configuration and, from inspection bé tTanabe-
Sugano diagram for & @n,[59, 60, 154] is expected to have three spawad ground
state absorption transitionst1(CF)—>T.(F), *T1CF)—>A.CF) and®T1(3(F)—>T.(3P) in
octahedral coordination ané,(’F)—°T1(°P), *A2(*F)—>T1(’F) and®*A,(°F)—°To(°F) in
tetrahedral coordination. Tetrahedral"h YAG has three absorption bands, centred at
600, 800 and 1320 nm which are attributed to spiwad transitions from th&A,(°F)
ground state to th&:1(°P), °T1(’F) and®T.(°F) levels respectively, a weak and narrow
absorption at 1140 nm is attributed to the spinbiftden transition®A(F) to
'E(*D).[96, 155, 156] Likewise, tetrahedrafVin LIAIO,, LiGaO, and SrA}O, has
three absorption bands, centred at ~550, 850 aBd® hdn which are attributed to
transitions fronTA,(CF) to *T1(P), *T1(’(F) and®T.(°F) levels respectively.[98] Optical
transitions associated with octahedrdl ¥end to occur at higher energies than those for
tetrahedral V. For example th&T,(°F) to *T,(*F) and®*T,(°P) transitions of octahedral
V3*:YAG occur at 600 nm and 425 nm respectively,[966,1157] at 707 nm and 440
nm in zirconium fluoride glass[82] and at 724 nnd &%9 nm in phosphate glass.[87]
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Octahedral ¥ in N&,0.2SiQ glass displays two absorption peaks, at 690 afdn

and were assigned to théTiF)—>T.(’(F) and *T.(*F)—A.(*F) transitions
respectively.[86] The positions of absorption ped&s V** in various hosts are
summarised in table 4.13.

TABLE 4.13 Summary of absorption transitions df.V

Host Absorption peaks| Symmetry Transition Referencs
(nm)
YAG 600,800,1140,1320 tetrahedfal 3ACF)— [96, 155,
TP ), 156]
'E(D),*TL(F)
YAG 600,425 octahedrdl *T.(CF)—"T.CF)T:(°P) | [96, 156,
157]
zirconium 707,440 octahedrdl *T:CF)—°To(’F),’T.(°P) [82]
fluoride
glass
phosphate 724,459 octahedrgl *T:CF)—"T.(F).’T:(P) [87]
glass
Na,0.2SiG 690, 450 octahedral *T.CF)—"T.(F)*T.(P) [86]
ZnTe 2000,1333 tetrahedralPA,(CF)—>T1(CP) . T.CF) [99]
ZnSe 1736,1125,749 | tetrahedfaA.(’F)—"T:CP) T.(F), [61]
3 3
T2(°F)

Vanadium 2+ has a®delectronic configuration and from inspection oé tiianabe-
Sugano diagram for & bn[59, 60, 154] is expected to have three sgowad ground
state absorption transition®.(*F)—*To(*F), *As(*F)— “T1(*F) and*A-(*F)—*T(*P) in
octahedral coordination. In the case of a tetratidcoordinated Hion there are also
three spin allowed transitionST1(*F)—*To(*F), ‘“T1(*F)—"Ao(*F) and*T.(*F)—'T.(*P)

in weak crystal fields (Dg/B <2.2). When Dq/B is2:2 the’E(°G) level becomes the
lowest energy level and there are four spin alloviehsitions: E(*G)—2T1(°G),
2E(CG)—?T2(*G), (ECG)—?A1(’G) and’E(*G)—*A2(°F). In octahedral ¥ doped Mgk
two spin allowed transition absorption bands, ashteat 870 and 550 nm were observed
and were attributed to spin allowed transitionsnfrthe “A,(*F) ground state to the
“To(*F) and “Ty(*F) levels respectively.[8] In another referencere¢hspin allowed
transition absorption bands centred fGf Yoped Mgk where observed at 884, 550 and
366 nm and attributed t8A("F)—'To(*F), ‘Ax(*F)— ‘T1(*F) and *A,(*F)—*T.(*P)
transitions respectively, a spin forbidden transitivas also observed at 787 nm and
attributed to the*A,(*F)—»?E(’G) transition.[103] The low temperature (T=10K)
absorption spectra of octahedrd&"\doped NaCl has spin allowed transition absorption
bands, centred at 1222, 759 and 478 nm, which atétibuted to théA,(*F)—"T(*F),
*As(*F)— ‘T1(*F) and’Ax(*F)—T1(*P) transitions respectively.[7] The low temperature
(T=10K) absorption spectra of octahedraf*Woped RbMnE has spin allowed
transition absorption bands centred at 976 and réh5which were attributed to the
‘A F)-To(*F), ‘A(*F)— “Ty(*F) and transitions respectively.[7] The room
temperature absorption spectra of octahedrdl 8bped CsCaf has spin allowed
transition absorption bands centred at 1067, 662424 nm which were attributed to
the *Az(*F)—"T2(*F), *Az(*F)— *“T1(*F) and*A(*F)—*T1(*P) transitions respectively a
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spin forbidden transition was also observed at #84 and attributed to the and
*A2(*F)— “E(%G) transition.[6]

The low temperature (T=4K) excitation spectra ofaieedral V' doped ZnTe has spin
allowed transition absorption bands centred at 22889 and 1152 nm which were
attributed to the'Ti(*F)—"T-(*F), ‘T.(*F)—-"Ax(*F) and *T.(*F)—*T1(*P) transitions
respectively; spin forbidden transitions were albserved at 990, 885 and 826 nm and
attributed to the *Ax(*F)— 2ECH), “A(*F)— 2T:H) and “‘Ax(*F)— 2A(F)
transitions.[99] The positions of absorption pedks V?* in various hosts are
summarised in table 4.14.

TABLE 4.14 Summary of absorption transitions 6f.V

Host | Absorption peaky Symmetry Transition Reference
(nm)

MgF, 870,550 octahedral  “A("F)—"To("F),'T.('F) [8]

MgF. | 884,787,550,366 octahedral ‘A(‘F)—-"To(*F), [103]
2E(G), T1(*F),* T.(*P)

KMgFs | 869,789,560,366 octahedial “A(*F)—"To(*F), [103]
2E(2G), T1(*F),' T.(*P)

NaCl 1222,759,478 | octahedialAx(*F)—"T(*F), T:(*F),*T.(*P) [7]

RbMnF; 976,615 octahedrdl  “A,("F)—"To("F),'T.('F) 7]

CsCak | 1067,794,662,424 octahedra “A(*F)—-"To(*F), [6]
2E(G), T1(*F),' T.(*P)

ZnTe | 2247,1389,1157 tetrahedfdlA("F)—"T("F),"A:("F),'T.("P) [99]

ZnTe 990,885,826 | tetrahedfafAx(*F)—°E(H),’T1(°H),’A.(°F) [99]

ZnSe 1957,1198,978| tetrahedrdlAx("F)—"To("F),"Ax("F),"T1("P) [61]

ZnSe | 838,739,667,61f tetrahedréAz(“F)—»zE(zH),le(zH),zAz(zF), [61]

T1(°F)
MgO 719,502,344 | octahedral'As(“F)—"To(*F),*T.(*"F),"T.("P) | [158]

Vanadium 1+ has a“delectronic configuration and from inspection oé tlianabe-
Sugano diagram for & in[59, 60, 154] is expected to have one spinaih ground
state absorption transition in weak crystal fiel@@/B <2.6): >To(°D)—"E(°D) in
octahedral coordination. When Dqg/B is > 2.6 tfie(*H) level becomes the lowest
energy level and there are four spin allowed ttams: *Ti(3H)—°ECH),
T.CH)=3TLCH), *T1CH)—=3A1(3G) and®T1(*H)—>3A.(3F). In the case of a tetrahedrally
coordinated Hion the spin allowed transition #&(°D)—"T2(°D) in weak crystal fields
(Dg/B <2.0). When Dq/B is > 2.0 tH&('1) level becomes the lowest energy level and
there are four spin allowed transitionds(*1)—'T1(*1), *Ar(*)—='T2(M), *A (‘) —E)
and'A;(*1)—'Az(*F)

In octahedral V doped ZnTe one spin allowed transition absorpkiand is observed,
centred at 2740, and is attributed to ffie(*D)—"E(°D) nm;[99] in octahedral V
doped ZnSe this transition occurred at 2604 nm.fairther spin forbidden transitions
were observed and are detailed in table 4.15.
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TABLE 4.15 Summary of absorption transitions of V

Host | Absorption peaks | Symmetry Transition Reference
(hm)

ZnTe 2740 octahedrg| >T,("D)—"E(’D) [99]

ZnTe | 1379,1163,1000,93Poctahedra 5T2(5D)—>3T1(33H)é3T2(3H),3T2(3F), [99]
T.(P)

ZnSe 2604 octahedrd| >T,("D)—"E(’D) [61]

ZnSe| 1277,976,917,833 octahedraﬁT2(5D)—>3T1(33H);T2(3H),3T2(3F), [61]
T.(P)

These arguments are based on the Tanabe-Sugand amatdleomparisons with the
absorption spectra ofV, V**,V** V**and V' in various hosts indicate that the three spin
allowed transitions observed in V:GLS can only cofien V** or V**. In order to
determine which of these ions is responsible fa abserved absorption spectra and
what its symmetry is the crystal field paramet&g; B and C will be calculated, using
the Tanabe-Sugano model.[59, 60, 154]

4.16 Tanabe-Sugano analysis of V:GLS

4.16.1 Introduction

The Tanabe-Sugano model takes into account theagtiens between two or more 3d
electrons in the presence of a crystal field. Tiee fion states are shown on Tanabe-
Sugano diagrams on the far left (Dg/B=0). The fo¥estates are governed by electron-
electron interactions and so are labelledByL states (also called L-S terms) where S
is the total spin and L is the total angular momenfl9] The energy separation
between the variouS*L states is given in terms of the Racah param¢feB and C).
These parameters describe the strength of the@déatic interactions between multiple
3d electrons.[60] Tanabe and Sugano calculateckibegy matrices for each state of
3d? to 3¢ ions in an ideal octahedral crystal field,[59] $aeare reproduced in tables
4.16, 4.17, 4.19, 4.20 and in appendix C. Prooftluir derivation has been
published.[159] These energy matrices can thensbd to calculate how tHe" L free
ion levels split up, and vary, as a function of taBo between the crystal field strength
and the inter-electronic interaction (measured giH). Represented graphically, these
functions are called Tanabe-Sugano diagrams angl hage been used since their
introduction in 1954 to interpret the spectra @nsition metal ions in a variety of
crystalline and glass hosts. Tanabe-Sugano diagi@tasadvantage of the fact that C/B
is almost independent of atomic number and the murob electrons and, for all first
row transition metal elements C#44 to 5.[59]

As described in chapter 2, the d orbital split® iatand e orbitals in the presence of a
crystal field. The various states are represened’d” (n+m=N) where N is the
number of electrons in the d orbital. Tanabe angb8a showed that it was unnecessary
to calculate the energy matrices for N>5 (whichdmees very laborious) because of the
simple relationship between configurations in thetest"e™ and °"e*™ This simple
relationship results from the equivalence of etawirand holes. It has been shown,[154]
that to obtain the full Hamiltonian energy matricésAn+6m)Dq is added to the
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diagonal element in the statéel”. For the statet"e* ™this is [-4(6-n)+6(4-m)]Dq = -(-
4n+6m)Dg. It is also unnecessary to calculate tiegy matrices for a tetrahedral field
because the energy matrices for"aon in a tetrahedral field are the same a3 ibn

in a octahedral field.[60]

Cubic coordination can be thought of as comprisafigwo tetrahedral components.
Hence the cubic crystal field interaction energyntéas the same functional form as in
a tetrahedral field but it is twice as large.[60ddAuse of their small ionic radii in
proportion to rare earth ions, transition metals asually found in tetrahedral or
octahedral coordination where as rare earths atenofound in dodecahedral
coordination.[160] Because of the relatively snimfiic radii of the \#* and \#* ion and
the relatively large ionic radii of the?Sation, cubic coordination in V:GLS is thought
to be extremely unlikely. Low symmetry fields, suzh tetragonal, cause a splitting of
the energy terms. For example in tetrahedral:€sSiOs with Gy symmetry the
*T.(F) level splits into two components which wereibttred to two closely spaced
absorption peaks at 733 and 602 nm[161]. This abdplitting is not evident in the
absorption spectra of V:GLS so the data is analyseédrms of ideal (cubic symmetry)
octahedral or tetrahedral coordination.

Each of the possible electronic configurationsqiddf) and coordination (tetrahedral or
octahedral) is now analysed with the Tanabe-Sugaodel.

4.16.2 Tetrahedralctonfiguration

The energy matrix for th&,(’F,>P) state of the tetrahedrdl donfiguration is given in
table 4.16.

TABLE 4.16 energy matrix for thil;(°F °P) state, aftef59].

T.CF3P)
t,” toe
-5B 6B
6B -10Dg+4B

The eigenvalues of the matrix in table 4.16 give dimgonal terms of the diagonalized
matrix which are the energy terms of fiie(*F) and®T.(®P) states as a function of Dq
and B.

E(*T.(°P)= % ( B +5Dq-,/225B° ~180DqB+100Dq’ ) (4.30)

EGH@Pﬂ=%(B+5Dq+¢ﬂ£3%48mm3+umoﬁ) (4.31)

Dividing 4.30 by B and arranging in terms of Dgé3, is necessary for Tanabe-Sugano
diagrams, gives:
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E(3T1(3F))/B = —% + 5Dq/B-%\/225—180Dq/ B +100(Dq/ B)? (4.32)

Note that 4.32 is independent of C, in order tcwate C the energy term for a spin
forbidden transition is needed. Table 4.17 gives ¢hergy matrix for théE('D,'G)
state.

Table 4.17 energy matrix for tHE('D,'G) stateafter[59].
'E('D,’G)
t22 (S]
B+2C -2/3B
-2\3B -20Dg+2C

Diagonalising and dividing by B gives:

E(ECG))B :%+ 2c/ B—lODq/B+%\/49+ 40Dq/ B +400(Dq/B)’  (4.33)

and

E(‘E(D))B :%+ 2c/ B—lODq/B—%\/49+ 40Dq/ B +400Dq/B)?  (4.34)

Figure 4.38 shows the energy terms of a tetraheffridn, plotted as a function of
Dqg/B, note that the lowest energy level is lesstharo and varies as a function of
Dqg/B. The energy matrices and energy terms fortredl energy levels are given in
appendix C.
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-20 -\
- 2T1(2F)
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-60 1 —— E(D)

E/B

-80 1 ECQ)

-100
] | | |

Da/B
FIGURE 4.38 Energy terms of a tetrahedraliah plotted as a
function of Dq/B.
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In Tanabe-Sugano diagrams, the energy term ofaledt energy level is subtracted
from the energy terms of all the energy levelshas been done in equations 4.35 to
4.38 for the energy levels of interest i.e. thee¢hspin allowed energy levels and the
lowest spin forbidden energy level.

E(*T,(*F))B=10Dq/B (4.35)

E(°T,CR)B=7.5+ 15Dq/B-%\/ 225-180DqB +100Dq> (4.36)

E(‘E(D))B=85+2C/ B+10Dq/B—%\/49+ 40Dq/ B +400(Dq/ B)? (4.37)

E(*T,(*P))B=75+15Dq/B+> 225-1800qB+ 10D (4.38)

These energy terms are plotted in the Tanabe-Sugdjagoam in figure 4.39.

60
— 1,(P
3 3
50 - (h)
E(D) (C/B=6.567)
3T1(3P)
Dq/B=1.840
404 | —— Dg/B=2.038 d
Dq/B=1.668 /
m
=~ 30 -
LL ]
" /
20 A -
//
10 4
3A (SF)
0|||||||||||||||IIII|IIII|II?I
0.0 0.5 1.0 1.5 2.0 25 3.0

Da/B
FIGURE 4.39 Tanabe-Sugano diagram of the tetrahatfra
configuration, the Dg/B value calculated is showime spin
forbidden energy levels were calculated with C/B5=6.

Dq is known (1/10 the energy of the lowest spiowa#id absorption transition) so B is
calculated from the experimentally determined eiesrgpf the *T»(°F) and *T.(°F)
energy levels and then solving their energy terimsilsaneously for B. The C/B ratio is
calculated by rearranging equation 4.37 to maket@ésubject as in equation 4.39.
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C/B=E(*E('D))2B-5Dqg/B- 4.5+%J49+ 40Dq/B +400Dq/B)?>  (4.39)

The values of Dg/B, B, and C/B, calculated fromivas absorption and PLE spectra in
section 4.2 and 4.5, are given in table 4.18.

TABLE 4.18 Crystal field parameters calculateddaf ion in tetrahedral coordination.

Experimental data sourcd ECT,(’F)) | ECT.(F)) ECE('D)) |Do/B| B C/B
(cm’) (cm’) (cm’)
Derivative absorption of 8965 13377 10100 1.848485.12| 6.567
V:GLS (figure 4.5)
Derivative absorption of 9300 13600 10200 2.038456.32| 7.319
V:GLSO (figure 4.6)
PLE of V:GLS 8625 13135 10000 1.668517.1 | 5.842
(figure 4.12)
PLE of V:GLSO 8860 13299 10000 1.794493.86| 6.141
(figure 4.13)

The calculated valued of Dg/B are shown on figu@4all of which indicate a weak
field site which is consistent with the emissiors@iption and lifetime measurements.
The calculated C/B values are however slightly idetshe allowed range of 4 to 5.

4.16.3 Octahedralctonfiguration

The energy matrix for thél,(°F,’P) state of the octahedrdl donfiguration is given in
table 4.19

TABLE 4.19 energy matrix for th&l;(°F,°P) state, , aftgf59].

*T.CFP)
t,” te
-5B 6B
6B 10Dg+4B

The eigenvalues of the matrix in table 4.19 give dimgonal terms of the diagonalized
matrix which are the energy terms of ffie(°*F) and>T,(*P) states as a function of Dq
and B.

ECT,(°F)= % ( B +10Dq-/225B° +180DgB +100Dq’ ) (4.40)

ECT,CP)= % ( B +10Dq+,/225B° +180DqB +100Dq> )) (4.41)
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Dividing equation 4.40 by B and arranging it inmsrof Dg/B, as is necessary for
Tanabe-Sugano diagrams, gives:

E(*T,CR)B= —% +5Dq/B-%\/225+ 180Dq/ B +100(Dq/ B)? (4.42)

Note that equation 4.42 is independent of C, ireotd calculate C the energy term for
a spin forbidden transition is needed. Table 4.2@&<the energy matrix for the
'E('D,'G) state.

TABLE 4.20 energy matrix for thee('D,'G) state, , aftef59].

'E('D,’G)
t22 (S]
B+2C -N3B
-2\3B 20Dq+2C

Diagonalising and dividing by B gives:

E(‘E(D))B :%+ 2c/ B+10Dq/B-%\/49—4ODq/ B+400Dq/B)?  (4.43)

and

E(‘ECe))B :%+ 2c/ B+10Dq/B+%\/49—4ODq/ B+400(Dq/B)?  (4.44)

Similarly, for the case of a’detrahedral ion, the energy terms of interestgiven in
equation 4.45 to 4.49 and plotted in the TanabeaBogliagram in figure 4.40. The
values of Dg/B, B and C/B were calculated usingséime method as described forfa d
tetrahedral ion. The energy term for tHg('D) level was used to calculate C/B, as
shown in figure 4.40 this energy level is virtuaihdistinguishable from thé&T,('D)
level.

E(T,CR)B= —7% +5Dq/B+%J 225+180Dq/ B +100Dq/ B)? (4.45)

E(°A,(P)B= —7% + 15Dq/B+%\/ 225+180Dq/B+100Dq/B)?  (4.46)

E(‘E(D))B=1+2C/ B+5Dq/B-%\/49—4ODq/ B +400(Dg/ B)?
(4.47)

+%\/225+180Dq/ B +100Dq/ B)?
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E('T,(D))B=1+2C/ B-./49- 20Dq/ B +10Q(Dq/ B)’
2 (4.48)

+%\/225+180Dq/B+10C(Dq/B)2

E(*T,(P)JB = {225+ 18000/ B +100(Dq/ B)’ (4.49)
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FIGURE 4.40 Tanabe-Sugano diagram of a octahedriahd
the Dg/B value calculated from absorption specirahown.

The spin forbidden energy levels were calculatedh wi
C/B=4.5.

The values of Dg/B, B, and C/B, calculated fromimas absorption and PLE spectra
are given in table 4.21. The calculated value offEDig much larger than that for & d
ion in tetrahedral coordination and the C/B valaes much larger that the allowed
range of 4 to 5 and clearly are invalid. As cansben in figure 4.40, thtE(*D) and
T,('D) levels are almost independent of crystal fidkersgth therefore emission from
these levels is characterised by narrow R-line siois as in V' doped phosphate
glass[87]and \** doped corundum[156], with a lifetime in the msstoegime. When
the Tanabe-Sugano diagram is plotted with a val8l & 4.5, in figure 4.40 it can be
seen that the calculated Dg/B of 2.836 is in angfriield site, this is where the lowest
energy transition is a spin forbidden transitidrthls were the case we would expect to
see narrow R-line emission, a long lifetime (in tms to s regime) and have the
characteristic weak and narrow spin forbidden ghigmr on the low energy side of the
first spin allowed absorption. In V:GLS the emissis very broad (FWHM~500 nm)
the lifetime is ~3Qs and spin forbidden absorption is on the higérgy side of the
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first spin allowed absorption peak. The octahedfabn is therefore discounted as a

possible configuration for V:GLS, with a high degraf confidence.

TABLE 4.21 Crystal field parameters calculateddaf ion in tetrahedral coordination.

Experimental data sourc| ECT.(°F)) | ECT.(P)) | ECE(D)) | Dg/B | B C/B
(cm’) (cm’) (cm’)
Derivative absorption of| 8965 13377 10100 2.836316.1| 12.613
V:GLS (figure 4.5)
Derivative absorption of| 9300 13600 10200 3.00809.7| 13.118
V:GLSO (figure 4.6)
PLE of V:GLS 8625 13135 10000 2.686322.2| 12.143
(figure 4.12)
PLE of V:GLSO 8860 13299 10000 2.79(21.1| 12.205

(figure 4.13)

4.16.4 Tetrahedralcconfiguration

The energy matrices and energy terms of the tefrahe® configuration are given in

appendix C. These are plotted in the Tanabe-Sudegoam in figure 4.41. There was
no solution found using the method previously diésd and when using the two lowest

spin allowed energy terms in both high and lowdfig#gions. The tetrahedral @n is
therefore discounted as a possible configuratioViGLS.

120

100

E/B

4T19(4F)
4ng(4F)

Da/B

FIGURE 4.41 Tanabe-Sugano diagram of the tetrahedta
configuration. The spin forbidden energy levels avealculated
with C/B=4.63.
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4.16.5 Octahedral’ctonfiguration

The energy terms of interest for the octahedfatahfiguration are given in equations
4.50to 4.54

E(*T,(*F))B=10Dq/B (4.50)
E(“Tl(“F))/B = 7.5+15Dq/B-%\/225—180DqB+100Dq2 (4.51)
E(‘T,(*P)B=7.5+ 15Dq/B+%\/225—180DqB +100Dq? (4.52)
2 2
E(EB(G)) =1 root(detM —/1|):o)—12E;q -15 (4.53)
where
—6+3% —12% ~6y2 ~3J2 0
~6J2 g+6° 224 10 J32+5)
M= ° c D °
_3\/5 10 _1+ 3E_ Fq 2\/§
0 J3e+5) 23 _g+4% 41824
i B B B
E 2T 2
EnCe) is( <) =1%roofde{M - Al ):o)—lz%‘—w (4.54)
where
_6-35 1224 -3 3 0 -2V3
B B
~3 3& _,Dd -3 3 3/3
B B
M = 3 _3  -g+3" —2% 3 -3
0 3 -3 —6+3% +8% 23
—2J3 3/3 -3 2J3 —2+3%+8%

The energy terms for th8E(’G) and ?T»(°G) levels cannot be easily expressed
explicitly, therefore they are defined in terms tbe solution to the characteristic
equation of the energy matrix of thE state, in which each matrix element has been
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divided by B to give the equation in terms of EYBhere | is the identity matrix and the
first root is the numerically smallest root in tkero crystal field (Dg=0) case.
Comparing these equations to those for the tetrahel configuration it can be seen
that the energy terms for the three spin alloweglggnlevels are exactly the same for
both configurations. The only difference betweendhergy terms of interest are for the
spin forbidden energy levels. This now presentsablpm for determining which of
these configurations is most representative of \B@&ince only analysis of the spin
forbidden terms can achieve this. The C/B ratiotfos configuration was calculated
from the energy term for th#&(*G) multiplied by B to give it in terms of EE(G)).
The values of Dq and BE(*G)) were defined from experimentally determinecueal B
was calculated by solving equations 4.50 and 4isilsaneously for B. Then C was
calculated by solving this equation for C. Becao$d¢he equations’ complexity the
equation solving facility of Mathematica softwar@svused. As can been seen in the
Tanabe-Sugano diagram for this configuration inirfig4.42 théT.(°G) level lies close
to the >E(’G) level so the spin forbidden transition coulddaeised by a transition to
either or both of these energy levels. Becausaisf €/B was also calculated using the
energy term for théT,(°G) energy level. The values of Dqg/B, B and thergnef the
“T.(*P) level that was predicted by the Tanabe-Sugandemoalculated from various
absorption and PLE spectra, are given in tabl2.4.2

TABLE 4.22 Dq and B crystal field parameters caited for the octahedraf donfiguration.
The energy of théT,(*P) level was calculated from the Tanabe-Sugano mode

Experimental | E(T(*F)) | E(Ti(*F) | ECECG)) | E(T(*P)) | Da/B | B
data source (cm™) (cm™) (cm™) (cm?)

Derivative 8965 13377 10100 20795 1.848 | 485.1
absorption of

V.GLS

(figure 4.5)

Derivative 9300 13600 10200 21146 2.038 | 456.3
absorption of

V.GLSO

(figure 4.6)
PLE of V:GLS 8625 13135 10000 20499 1.668 | 517.1
(figure 4.12)
PLE of V:GLSO 8860 13299 10000 20689 | 1.7940| 493.9
(figure 4.13)

Table 4.22 gives the energy of tha(*P) level that was calculated from its energy term
equation 4.52. These are 20795"¢481 nm) from the absorption measurements of
V:GLS, which is consistent with estimates of thatoe of gravity for this absorption
band in section 4.1 of ~500 nm. It was also nabed this estimate may be at a longer
wavelength than the true centre of gravity for thssorption band because it was so
heavily obscured by the band-edge absorption of GO®e steeper gradient of the
“T1(*P) level, in comparison tHE 2(*F) and*T1(*F) levels is consistent with the greater
bandwidth of thé'T,(*P) level observed in the PLE spectra of V:GLS (figd.12). For
V:GLSO the calculated energy of th€;(*P) level is 21146 cit{472 nm), the higher
energy of this transition than for V:GLS is consrgt with the higher energy of the
experimentally determined transitions in V:GLSOr He PLE measurements the lower
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energy calculated for th&T,(*P) level is consistent with the hypothesis that the
absorption peaks of the PLE measurements were skewlewer energy than with the
absorption measurements because of a preferertighton of ions in low field sites.
The Dg/B of 1.668 calculated from PLE data, comp@ae1.848 from absorption data,
is also consistent with this hypothesis. It is aieded that Dg/B is higher in V:GLSO
than in V:GLS which would be expected because omyiganore electronegative than
sulphur.
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FIGURE 4.42 Tanabe-Sugano diagram of the octahedftal

configuration. The spin forbidden energy levels evealculated
with C/B=4.5.

Because of the importance of the C/B parametethisrwork it was checked using an

approximate formula given by Rasheed,[162] for ttaculation of C/B in the
octahedral 8configuration (equation 4.55).

2
C/B:(E( E),18B _ 7.9}/3.05 (4.55)
B Dqg

This equation was reported to be accurate to 5% [d®&@mula for the calculation of B
was also given by Rasheed in 4.56

SeeE(mem)-e(men)E(T.om)-E(TeR)
- oE(T,(F)-E(T.(F) (4:59)
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TABLE 4.23 B and C/B crystal field parameters chdted for the octahedraf donfiguration.

Experimental data B B C/B C/B C/B
source (equation 4.56) (E(’G)) | (*T1(*G)) | (equation 4.55
Derivative absorption of 485.12 485.21 4.553 4.247 4.554
V:GLS (figure 4.5)
Derivative absorption of 456.32 456.48 4.934 4.7367 5.025
V:GLSO (figure 4.6)
PLE of V:GLS 517.09 517.67 4.164 3.777 4.097
(figure 4.12)
PLE of V:GLSO 493.87 493.89 4.403 4.063 4.377
(figure 4.13)

Table 4.23 gives the values of B calculated by isgithe energy terms of the two
lowest energy levels simultaneously for B and byngi®quation 4.56. Table 4.23 also
gives C/B calculated from the energy term for #8€G) and*T,(°G) energy levels and
from equation 4.55. The values of B, calculatechgishe method detailed in this work
and by equation 4.56 are almost identical. Calarabf B using equation 4.56 is the
simplest method however this equation does notyaggphll the configurations dealt
with in this study. The values of C/B calculatedngsthe energy term for thiE(G)
energy level are all in the allowed range of 4 tarlike those calculated for the
tetrahedral 8 configuration which were 5.8 to 6.6. The calculat@lues of Dg/B are
shown in the Tanabe-Sugano diagram in figure 4nt2 &l indicate a weak field site
which is consistent with the emission absorptiod &fetime measurements. For the
Dqg/B of 2.038 the C/B value is higher than thatduseplot figure 4.42 while it appears
in the figure to be at the cross over point of #pen forbidden and spin allowed
transition, when plotted with the correct C/B itiisa weak field site. In tetrahedrd d
configuration thé A,(*F)— *T»(°F) transition is expected to be significantly weatken
the other two spin allowed transitions because arily magnetic dipole allowed,[163,
164] however this is not evident from the derivat@bsorption and PLE spectra of
V:GLS in figure 4.5 and 4.12, this indicates thaG\S, may not have a tetrahedral d
configuration.

The above arguments indicate that the octahedral cahfiguration is more
representative of V:GLS than the tetrahedfatahfiguration. One of the values of C/B
calculated using the energy term for ffie(?G ) energy level is just outside the allowed
range which indicates that the spin forbidden fitamsis more likely to be due to a
transition to the’E(’G) energy level. The C/B value calculated usingatign 4.55
appears to be a good approximation to the methecritbed in this work and it is much
simpler to calculate. This indicated that equaddsb would be a more suitable method
for calculating C/B when maximum precision is nequired.

It is therefore proposed that the three spin altbasorption bands identified in figure
4.12 at 1160, 760 and 580 nm are dudAe(’F)— “To(*F), *Ax(*F)— “T1(*F) and
*Ax(*F)— *T1(*P) transitions respectively and the spin forbidtfansition at 1000 nm
identified in figure 4.5 is attributed to tHé&.(*F)— *E(*G). From the bandwidths of
these absorption bands, calculated in figure 4HE2energy level diagram for vanadium
doped GLS is given in figure 4.43.
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FIGURE 4.43 Energy level diagram of vanadium 2+etb@LS

4.18 Conclusions

V:GLS was optically characterised to investigagestiitability as an active material for
an optical device. Absorption measurements of V:Gin@mbiguously identified one
absorption band at 1100 nm, with evidence of a gmibidden transition around 1000
nm, and two further higher energy absorption batigg could not be resolved.
Derivative analysis of the absorption measuremelasfied the identification of the
spin forbidden transition and was able to resdiesecond highest, but not the highest,
energy absorption band at 750 nm. PLE measuremets able to resolve all three
absorption bands, peaking at 1160, 760 and 580Hawever there was a preferential
detection of ions in low crystal field strengthesit XPS measurements indicated the
presence of vanadium in a broad range of oxidastates from V to V°*. Excitation
into each of the three absorption bands producedstime characteristic emission
spectrum, peaking at 1500 nm with a FWHM of ~500fie decay lifetime and decay
profile were also similar. This was a strong intima that only one of the vanadium
oxidation states was responsible for the observesbration bands. The quantum
efficiency of 0.0023 % V:GLS was 4.2 %. Out of thessible vanadium oxidation
states, only ¥ and \#* is expected to exhibit three spin allowed traossi Tanabe-
Sugano analysis indicates that out of the possibldigurations of coordination and
oxidation state only tetrahedrafVand octahedral & had a crystal field strength in the
expected low field region. Out of these configuwasi only octahedral 37 had a C/B
value in the expected range of 4-5. The configaratf the optically active vanadium
ion in V:GLS is therefore proposed to be octahetitdl The crystal field strengths
(Dg/B) calculated from absorption measurements :@G1\5 and V:GLSO are 1.84 and
2.04 respectively.
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Lifetime measurements of V:GLS found that the demag non exponential and at low
concentrations could be modelled with the stretatvgabnential function. Analysis of

the coefficient of determination of stretched ammllgle exponential functions and
results from a continuous lifetime distribution Btsés of the emission decay, at various
vanadium concentrations, indicated that at conasiofrs < 0.1% there was one lifetime
component centred ~30 us. At concentrations >Woallifetime components centred ~
30 us and 5 us are present. This was argued taused by a preferentially filled, high

efficiency, oxide site that gives rise to charaster long lifetimes and a low efficiency

sulphide site that gives rise to characteristiatslfetimes.

Comparisons of theent product of V:GLS to that in other laser materialdicates the
best possibility for demonstration laser action MtGLS is in a fibre geometry.
Modelling of laser action an a V:GLS fibre is natgented because the number of
assumptions to be made about such a device igéab. grabrication of a V:GLS fibre is
suggested as further work.

Considering the track record of transition metgbetb glasses as active optical devices
the prospect of producing a commercially viableicgbtamplifier based on V:GLS is
thought to be low, however the potential rewardpodducing a broadband optical
amplifier centred at 1500 nm means that furtheretigament is justified on a
risk/reward basis.
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Chapter 5

Titanium, nickel and bismuth doped chalcogenide gks
5.1 Introduction

This chapter details the spectroscopic propertiggamium, nickel and bismuth doped
GLS which, like vanadium doped GLS detailed in ¢bagl, may have applications as
active optical devices because they display stiofigred emission. Prior studies have
been conducted on this topic but there are stites@areas to investigate. It was found
that the emission of Ti, Ni and Bi:GLS peaks at 6-90n, which is less useful for
telecommunication applications compared to the siomsof V:GLS which peaked
~1500 nm. Reports of emission from Ti and Ni dopggasses are scarce in the
literature. However, there are many reports of simsfrom Bi doped glasses[165-174]
and laser action been demonstrated in a bismutbddaliminosilicate fibre laser.[84]

Iron, cobalt and copper doped GLS were also ingastd by the author however no
emission in the range 800-1800 nm could be detdmedthese dopants so they are not
included in this report. Chromium doped GLS wa® asidied, however this has been
previously investigated in detail by Aronson.[23h€eTabsorption of titanium, nickel,
iron and cobalt doped GLS has been reported by sama23] and Brady.[70]
Petrovich[24] reported the absorption of nickegnirand cobalt doped GLS. Aronson
reported emission from Ni:GLS when exciting at 80, which is at the long
wavelength end of the Ni:GLS excitation range. Aamdid not attribute an oxidation
state to Ti:GLS whereas Brady speculated it was h+ oxidation state. Aronson,
Brady and Petrovich all proposed Ni:GLS was in aoX¥lation state; in this chapter
evidence is provided that Ni:GLS is in a 1+ oxidatiThis is the first time the optical
properties of bismuth doped GLS have been repofidmkses were melted using the
method detailed in section 3.2.1.

5.2 Titanium doped GLS

Titanium doped AIO; (Ti:Sapphire) has been used as a gain medium @mro
temperature tuneable lasers since laser actiorfivgaseported by Moulton in 1982.[4]
The Ti:Sapphire laser is the most widely used n&eared tuneable laser source and is
tuneable from 650 to 1100 nm, it is also used teegee ultra short laser pulses with
durations as low as 8 fs.[80] Because of the sgcoéghe Ti:Sapphire crystal as a
tuneable laser source little attention has beed fmatitanium doped glass as an active
medium and reports in the literature of photoluragence from titanium doped glasses
are extremely scarce. A titanium doped glass lesarfibre geometry could potentially
have several advantages over a Ti:Sapphire laghaint could be more compact, have
a higher alignment stability and robustness.
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5.2.1 Absorption of titanium doped GLS
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FIGURE 5.1 Absorption spectra of 0.1 to 1% moltamium doped GLS
and un-doped GLS in 3mm thick slabs.

Figure 5.1 shows the absorption spectra of GLS dapth varying concentrations of
titanium. At concentrations up to 0.2% absorptigonT titanium is only visible as a red
shift in the band-edge of GLS indicating absorptiam titanium at ~ 500-600 nm. At
concentrations of 0.5% and greater a shoulder @06-hm is observed, there is also a
weak and broad absorption centred at around 1800~igure 5.2 shows the absorption
spectra of GLSO doped with varying concentratiohstanium. Similarly to Ti.GLS
there is a red shift in the band-edge with incrgagitanium concentration, however
there is no evidence of a shoulder at ~1000 nmbwvoad weak absorption at ~ 1800 nm
as in Ti:GLS. The 1% Ti:GLSO sample had partiallystallised which meant that its
base line absorption was higher than expected beaafuincreased scattering.
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FIGURE 5.2 Absorption spectra of 0.05 to 1% moitantum doped
GLSO and un-doped GLSO in 3mm thick slabs.

To confirm the observation of a shoulder at ~1000ar a broad weak absorption at ~
1800 nm as in Ti:GLS but not in Ti:GLSO derivatividsthe absorption spectra of 0.5%
Ti:GLS and 0.5% Ti:GLSO were taken. As describedaction 4.3, absorption peaks
correspond to where’@d\” < 0, where a is the absorption coefficient. Theosd
derivative absorption spectra in figure 5.3 cleattpw that there is an absorption peak
at 980 nm in Ti:GLS but not in Ti:GLSO, absorpti@aks at 615 and 585 nm are also
identified for Ti:GLS and Ti:GLSO respectively. Teecond derivative absorption peak
at 980 nm was much stronger in 1% Ti:GLS than 51 %. Ti:GLS but could not be
identified at concentrations of 0.2% or lower.

The TF* ion has a single d electron, it is therefore eig@co exhibit a single
absorption band in ideal symmetry. In crystals ¢§0, Ti°* ions have octahedral
coordination with trigonal symmetry[175] and th@ibsorption is characterised by a
broad double humped absorption band extending #6énto 600 nm. The main peak
occurs at 490 nm with the shoulder at 550 nm, tlaeseattributed to transitions from
the °T,4 ground state to the Jahn-Teller split(Es;) and’Ey(E1;) excited states.[176]
A weak residual IR absorption has been identifred iiSapphire from around 650 to
1600 nm, peaking at 800 nm[176] and has been showe due to Ff-Ti*" pairs.[177]

It is now proposed that the absorption at ~600 mfiiGLS and Ti:GLSO is due to the
*T,q—°E4 transition of octahedral Tiand the absorption at 980 nm in Ti:GLS is due to
Ti®*-Ti** pairs. The residual IR absorption coefficient ¥t RAl,0; has been shown to
be proportional to the square of its blue-greerogdi®n coefficient.[176, 177] If this
relationship also exists in Ti:GLS then it wouldo&in the inability to resolve the 980
nm absorption at low concentrations.



Chapter 5 Titanium, nickel and bismuth doped clgdcade glass 116

4e-67 —— 0.5% Ti:GLS

— dfa/d\*o
— 0.5% Ti:GLSO

2e-6

0.0008+

d’ala\?

-2e-6

0.0006-

0.0004+

-4e-6 1 000021

0.0000

-6e-6 -0.0002

-0.0004 : : : :
550 600 650 700 750 80!
-8e-6 —7 T [Trrr[rrrryrrrrrrrrprrrr oo

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

FIGURE 5.3 Second derivative of the absorption ficeht of 0.5%
Ti:GLS and 0.5% Ti:GLSO.

Because absorption due to**TTi*" pairs is detrimental to the performance of the
Ti:Sapphire laser, much effort has been made tonmse it. In Ti:Sapphire the valence
of Ti ions has been controlled by melting tempematand oxygen partial pressure[176,
178] In silica the concentration of *Tirelative to Tt* ([Ti**]/[ Ti*]) increased with
melting temperature and decreasing oxygen partessure and was maximised by
melting in deoxidized argon, i.e. a reducing atnhesp;[179] this is the same
atmosphere that GLS is melted in so the oxygetigb@ressure parameter is already
maximised for the minimisation of “‘iconcentration. In silicate, borate and phosphate
glasses the redox reaction of TM->TM™* is related to the glass basicity (B),[88,
179] TM is a transition metal ion and glass bagic# calculated in terms of the
coulombic force between the cation and oxygen ibreach glass component as in
equation 5.1.[179]

2

Bi :@ (51)
Z, %2

Where Z and r are the valency and radius of the cation, theesahf 2 and 1.4 are the
valency and radius of the oxygen ion respectivaigd & is the basicity of glass
component i. The higher k@; content of GLSO compared to GLS is thought to eaus
the formation of oxide negative cavities[16] wherelne oxygen coordination of
gallium is increased from 0 to 1, therefore GLS@uti have a higher basicity than
GLS. In silicate glass [Yi)/[ Ti**] is inversely proportional to B, in borate glass
[Ti*]/[ Ti*'] is proportional to B and in phosphate glass ther@o dependence of
[Ti*[ Ti**] on B.[179] The relationship between {Ti[ Ti*] and B in the GLS
system is not known however it is assumed thaf JfTiTi*"] is proportional to B since
there is no absorption due t6*FTi** pairs in the more basic GLSO glass.
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The absorption of titanium has been characterisedvariety of glasses.[179-187] In all
of the glasses a broad double humped absorptioth &aending from 400 to 750 nm
was observed and attributed to*Tin tetragonally distorted octahedron, except in
silicate glass where a single absorption peak @t was observed and attributed to a
continuous range of Jahn-Teller splittings. No apson shoulder could be resolved in
GLS and GLSO this is therefore attributed to thmes@ffect. In some of the glasses an
infrared absorption at ~800 nm was attributed t§-Ti** pairs. The peak absorptions
for titanium in a variety of glasses and in sapplaire summarised in table 5.1

TABLE 5.1 Absorption details for titanium in a vety of glasses and in sapphire.

Host Ti** Ti** Absorption| Ti**-Ti** pair | Reference
Absorption shoulder (nm) | absorption peak
peak (nm) (nm)
GLS glass 615 - 980 This
work
GLSO glass 585 - - This
work
Sodium phosphor 560 697 - [188]
aluminate glass
Silicate glass 560 - [186]
Lithium calcium 510 680 ) [185]
phosphate glass
Lithium magnesium 515 679 ) [180]

borate glass

Sodium silicate glass 500 770 ) [184]
Phosphate glass 565 725 ’
Barium borosilicate 500 746 - [187]
glass
Lithium silicate 530 640 800 [179]
glass
Sodium phosphor 580 650 - [179]
aluminate glass
Fluorophosphate 529 685 - [183]
glass
Al,O;3 crystal 490 550 800 [176]

5.2.2 Photoluminescence of titanium doped GLS

Photoluminescence spectra were taken using the skdscribed in section 3.3.2. In
Ti:Al ;O3 emission peaks at ~750 nm when excited at 5144h@Jit of all the titanium
doped glasses in table 5.1 emission from d-d tiansi in TF* was only reported in
sodium phosphor aluminate glass[188] in the oth&assgs emission was not
investigated or not detectable. In®Tisodium phosphor aluminate glass emission
centred at 860 nm with a FWHM of 2020 twas detected from excitation with a 633
nm He-Ne laser. This is close to the emission o&I% and Ti:GLSO in figure 5.4
where the emission peaked at 900 nm when excitettheatsame wavelength. This
further backs up the hypothesis that titanium iai8+ oxidation state in GLS and
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GLSO. The broadness of the PL spectrum indicatasttie titanium ion is in a low
crystal field site. No emission in the range 12@0Qd nm was detected from Ti:GLS
when exciting with a CW 500 mW 1064 nm laser source
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FIGURE 5.4 Photoluminescence spectra of 0.1% titandoped
GLS and GLSO excited with a 5mW 633 nm laser source

The observation that emission from Ti:GLS peak®9@d nm, which is at a higher
energy than the weak absorptions at 980 and 17Q0impties that these absorptions
cannot be due to the same oxidation state and ic@bizh of titanium that produced the
emission and backs up the hypothesis that thegtwao Ti*-Ti** pairs.

5.2.3 Photoluminescence excitation of titanium adb@é.S

Photoluminescence excitation spectra were takamusie setup described in section
3.3.3. Figure 5.5 shows the excitation spectra. bf0 titanium doped GLS and GLSO,
both of which show a single excitation peak at BBOwhich is in good agreement with
the derivative absorption measurements. The ekmitaignal was relatively weak and
the apparent increase in excitation in Ti:GLS & &8tn is caused by correction for the

system response. No excitation signal was detegigd 1000 nm, using a 600 line/mm
grating to disperse the excitation source.
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FIGURE 5.5 PLE spectra of 0.1% Ti:GLS and 0.1% IB8®.
Emission was detected at 1000-1700 nm and the atixeit
source was dispersed with a 1200 line/mm blazeiihgra

5.2.4 Fluorescence lifetime of titanium doped GLS

Similarly to vanadium doped GLS the lifetime of ange of concentrations is
investigated in this section, using both the streticand continuous lifetime distribution
models. This data is used to infer the optimum eat@tion and composition of an
active optical device based on Ti:GLS. Lifetime sw@aments were taken using the
setup described in section 3.3.4.

5.2.4.1 Stretched and double exponential modelling

Figure 5.6 shows the fluorescence decay of 0.058aitim doped GLS fitted with a
stretched exponential. The best fit to the expentaedata was with a lifetime of &
and a stretch factorf) of 0.5. Visual inspection indicates an excelldéintto the
experimental data.
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FIGURE 5.6 Fluorescence decay of 0.05% titaniumedo®LS

excited with a 10 mW 658 nm laser source fittechvetstretched
exponential. The lifetime was & and the stretch factor was 0.5.

Figure 5.7 shows the fluorescence decay of 1% TeGitted with the stretched and
double exponential. Similarly to 1% V:GLS the stretd exponential is no longer a
good fit (R = 0.9355) and the double exponential fit is be{®" = 0.9824). The
lifetimes of the double exponential were 15 and 160ps. The fact that the
characteristic slow lifetime of the % is no longer observed at high concentrations
when using the double exponential fit as it is lGVS is believed to be because the
stretch factor is now 0.5 and a single exponemialo longer a good approximation.
Fitting a single exponential to a stretched exptinkwith a stretch factor of 0.5 gives
R? = 0.8632. To overcome this problem fluorescent¢ensity data from 0 to 10(s
was discarded, leaving just the slow componenthefdecay. This was fitted with a
stretched exponential with fixed at 0.5. This fit had the characteristic sltf@time of
~67 us. The same procedure for data 0 to A9@ave a lifetime of 1ps.
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FIGURE 5.7 Fluorescence decay of 1% titanium dogdds

excited with a 10 mW 658 nm laser source fittechvétstretched
and double exponential.

Figure 5.8 shows the emission decay of 0.05% tirandoped GLSO fitted with a
stretched exponential with a lifetime of 98 and a stretch factof)(of 0.5. Visual
inspection indicates an excellent fit to the expental data. The longer lifetime in the
GLSO host follows the same trend observed in vamadioped GLS and GLSO.
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FIGURE 5.8 Fluorescence decay of 0.05% titaniumedo®LSO
excited with a 10 mW 658 nm laser source fittedhwat stretched
exponential. The lifetime was Q& and the stretch factor was 0.5.
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FIGURE 5.9 Fluorescence decay of 1% titanium do@e$O
excited with a 10 mwW 658 nm laser source fittechwaitstretched

exponential. The lifetime was 60 and the stretch factor was
0.5.

Figure 5.9 shows the emission decay of 1% titandoped GLSO fitted with a
stretched exponential with a lifetime of @8 and a stretch factof)(of 0.5. Unlike
Ti:GLS the emission decay at this concentratiostié well described by a stretched
exponential.
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FIGURE 5.10 Coefficient of determination of stretdhexponential
fit as a function of titanium concentration in GeR8d GLSO.
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Figure 5.10 shows the ?Rof stretched exponential fits as a function ortiim
concentration in GLS and GLSO. In Ti:GLS thé d&pears to follow the same pattern
as in V:GLS where above ~0.1% concentration therflacence decay starts to deviate
from stretched exponential behaviour which is nesi#d as a decrease i. Rn
Ti:GLSO there is hardy any change i & titanium concentration increases. This can
be explained in the same way that the data for \BGlas explained, i.e. that two
reception sites for transition metals exist in Gll&ss; a high efficiency oxide site and a
low efficiency sulphide site. In GLS the transitioretal ion preferentially fills the high
efficiency oxide sites until, at a concentration~01%, they become saturated and the
low efficiency sulphide sites starts to be filled.
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FIGURE 5.11 Lifetimes of titanium doped GLS and @.8s a
function of doping concentration. The emission gscavere
fitted with the stretched exponential model.

Figure 5.11 shows how the emission lifetime ofrtiiian doped GLS and GLSO varies
as a function of doping concentration. The figuheves that the lifetime is longer in
Ti:GLSO than Ti:GLS, which indicates that GLSO ke tmost favourable host for an
active optical device. The lifetime is still ince#ag slightly at the lowest concentration,
0.05 % molar titanium, investigated. This indicatiest concentration quenching is still
occurring at 0.05 %, therefore the optimum conegiutn for an active optical device
based on Ti:GLSO may be lower than 0.05 %. In Al laser action has been
demonstrated at titanium concentrations of ~ 0003.15 % molar.[4] Figure 5.11 also
shows that lifetimes decrease more rapidly as agre#on increases in Ti:GLS than in
Ti:GLSO. This can be explained by the oxide andlside site model. The higher
oxygen content of GLSO means that in Ti:GLSO tlghlefficiency oxide sites don’t

get “used up” at higher concentrations, wherea$ii@LS the lower oxygen content
means that as titanium concentration increasespribygortion of titanium ions in low

efficiency sulphide sites increases. Thereforelithime will decrease more rapidly as
concentration increases.
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All the lifetimes in figure 5.11 were determinedngsthe stretched exponential model.
As shown in figure 5.10 there is a deviation frdme stretched exponential model in
Ti:GLS at concentrations > ~ 0.2 %, the lifetimettsse concentrations is therefore an
approximation. Because of the difficulties in comp@ the lifetime of emissions where

the decays follow different models, as discussesettion 4.8, this is believed to be a
valid approximation.

5.2.4.2 Continuous lifetime distribution modelling

The fluorescence decays of titanium doped GLS was® analysed using the
continuous lifetime distribution model, which issgdeibed in section 4.10. Figure 5.12
shows how the distribution of lifetimes varies wittanium concentration in GLS. The
figure shows that there are two distribution peaks centred around {3 (peak S1)
and another around 15 (peak S2). It is also clear that as the concemtrancreases

peak S2 becomes more intense in comparison to $eak his effect was observed in
V:GLS but not to such a great extent.
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FIGURE 5.12 Lifetime distribution in Ti:GLS as angtion of titanium
concentration.

Figure 5.13 shows how the distribution of lifetimesries with titanium concentration
in GLSO. The figure shows that there are two dstion peaks, one centred around
100 us (peak O1) and another aroundi3(peak O2). As the concentration increases
the relative intensities of peak O1 and O2 chamge little in comparison to Ti:GLS.

A manifestation of this is that the overall lifeenwill decrease more rapidly with
increasing titanium concentration in Ti:GLS thanGILSO. These results indicate that



Chapter 5 Titanium, nickel and bismuth doped clgdciade glass 125

there is no preferential filling of high efficien@xide sites down to a concentration of
0.05% (however this may not be the case at lowaceatrations) and that in GLS the
oxide sites become saturated at ~0.1% which mealyslav efficiency sulphide sites
are filled. This explains why the relative integsdf the lifetime distribution centred
~70 ps decreases strongly with increasing concentraiionTi:GLS. The Ilow
dependence of the relative intensity of the lifetimistribution centred ~100s in
Ti:GLSO is explained by the greater abundance dadeosites in GLSO that do not
become saturated, as they do in GLS.

It is noted that in all the decays, that were welscribed by the stretched exponential
there were two distributions of lifetimes with slariintensities. In the decays that were
better described by a double exponential, therewgo distributions of lifetimes with
dissimilar intensities. It therefore appears thdiere two distributions of lifetimes are
present, deviation from stretched exponential belavis manifest by a larger
difference in the intensities of the two distrilaurts of lifetimes.

I 0.05% Ti:GLSO
I 0.1% Ti:GLSO
0.2% Ti:GLSO
HEE 0.5% Ti:GLSO
N 1% Ti:GLSO

A-Coefficient (A.U.)
o
(2]

FIGURE 5.13 Lifetime distribution in Ti:GLSO as anttion of titanium
concentration.

There has been no report of the emission lifetinfietitanium in a variety of
glasses.[179-187] However the @8 emission lifetime of Ti:GLSO measured here
compares very favourably with the lifetime of Tigpdire of 3.1us.[4] The large
difference in T lifetime between the oxide and sulphide sites ilSG indicates that
the lifetime of the " ion is highly sensitive to its host environmentisthmay explain
why the lifetime of Ti:GLSO is much longer thamatlof Ti:Sapphire.
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5.3 Nickel doped GLS

Laser operation, tuneable from 1610 to 1740 nm wi€W output power of 20mW, has
been demonstrated in RtiMgF, at 80 K.[5] Also in Ni:MgO CW output tuneable

from 1316 to 1409 nm at 80 K[3] and in’NGdsGa012 tuneable from 1434 to 1520
nm at 100 K has been reported.[3]

5.3.1 Absorption of nickel doped GLS
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FIGURE 5.14 Absorption spectra of 0.02% (molarkalcdoped
GLS and un-doped GLS in 5 mm thick slabs.

Figure 5.14 shows the absorption spectra of un-dldpeS and 0.02% nickel doped
GLS. The absorption of Ni:GLS is characterised bged-shift of ~ 300 nm in the band-
edge indicating a nickel absorption in the regi@0-800 nm. There is also a very weak
absorption peaking at ~1500 nm. Similarly to thguament used for Ti:GLS the
absorption bands at 500-800 nm and 1500 nm ardelmved to originate from the
same valence state and coordination of nickel lsathen exciting into the 500-800
nm absorption band, emission peaks at higher ertbegythe 1500 nm absorption band.

Nickel is most commonly observed in a 2+ oxidatgtate in various crystals and
glasses,[3, 53, 55, 81, 83, 189-200] details ofesofithese are given in table 5.2*Ni
and NF*have a 38and 3delectronic structure respectively. As seen fromTaaabe-
Sugano diagram in figure 4.39 and figure 4.4Z' ind Ni* should have three spin
allowed transitions which would be expected to piEd three broad Gaussian
absorption bands. Three absorption bands are ausdov Nf* in several glasses[81,
83, 189, 198] and crystals.[83, 190, 193] The exiwh spectrum of Ni:GLS, in figure
5.16, confirms only one absorption band to be preseentred at 690 nm. It may be
argued that this is the lowest energy absorptiord iz N7 or Ni**, since the higher
energy absorptions of Nior N*are hidden by the band-edge absorption of GLS, but
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in glasses with similar band-edge absorptions t& ®ko absorption bands from i
are observed.[199] It is therefore thought unlikélst the absorption band of Ni:GLS
centred at 690 nm is due to’Nor Ni**.

The Ni" ion has a 3Yelectronic structure, which is equivalent to & &tkctronic
structure such as ¥j but the energy terms of its energy levels hawgatiee crystal
field components. Therefore, like®T;i Ni* should exhibit one absorption band. Reports
in the literature of Niabsorption are relatively scarce. In various hdstsdisplays a
single absorption band between 1867 and 2611 nir?P3] These are all at lower
energy than the absorption band in Ni:GLS, howetlezy are all in tetrahedral
symmetry. In octahedral coordination, ions are etgek to display a higher energy
absorption transition than in tetrahedral symmdtris therefore proposed that the 690
nm absorption of Ni:GLS is due to Nin octahedral coordination. The weak absorption
at ~1500 nm is attributed to small amounts of iNitetrahedral coordination. The weak
absorption at ~1500 nm is not attributed to iorrpaiich as NiNi**, as in Ti:GLS,
because, unlike Ti, Ni** is expected to contribute d-d absorption transstio
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TABLE 5.2 Absorption details for nickel in a vagedf glass and crystal hosts.
Host lon Absorption Transition Coordination | Referencsq
peaks (nm)
GLS glass Ni 690 - Octahedral This
work
GaP crystal Ni 1867 T,-E Tetrahedral [201]
AgGaSecrystal | Nf 2250 T,-%E Tetrahedral, [202]
tetragonal
symmetry
CuAlS; crystal | Ni 2510 T,5E Tetrahedral, [203]
tetragonal
symmetry
CuGaScrystal | Ni 2300 T,5E Tetrahedral, [203]
tetragonal
symmetry
AgGaScrystal | Ni 2611 T, Tetrahedral, [203]
tetragonal
symmetry
LiF crystal NF* | 1220, 712, 402 *A(CF)—=°T,(%F), Octahedral [193]
*ALCF)—-°T.(%F),
*ACF)—-T.(CP)
Silica glass Ni"| 1650, 1525, tOctahedral, [81]
1410 tTetrahedral
ZBLAI fluoride | Ni** | 1475, 847, 428 *A,(’F)—°T.(°F), Octahedral [83]
glass *ACF)-°T4(F),
3ACF)—-T.(CP)
MgF, crystal | Nf*| 1312, 768, 402| >*A(F)—°T.(°F), Octahedral [83]
*ALCF)—-°T.(F),
*ACF)—-T.(P)
ZnNb,Og crystal | Nf* | 1385,848,460 | >*A(F)—°T.(°F), Octahedral [197]
*ALCF)—-°T.(F),
*ACF)—-T.(CP)
Zinc- Ni#* 1100, 600 3ALCF)—-TL(%F), Octahedral [199]
aluminosilicate 3ACF)—T.(F)
glass
Lithium gallium | Ni** | 1055, 627, 380| *A.(F)—°T.(°F), Octahedral [198]
silicate glass 3ACF)—-T.(%F),
*ACF)—-T.(CP)
ZnSecrystal | Ni'| 2000,1150,800| *T:CF)—°T.(°F), Tetrahedral [190]
*T.CF)—°ACF),
*T.CF)-°T.CP)
Borate glass | Ni| 1380,770,695| °A.(’F)—°T.(°F), Octahedral [189]
*ALCF)—-°T.(F),

*ACF)—-T.(CP)
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5.3.2 Photoluminescence of nickel doped GLS

Figure 5.15 shows the photoluminescence spectrur®.@2% nickel doped GLS,
excited with a CW 5mW, 633 nm laser source whicikpeat 910 nm with a FWHM of
330 nm. The broadness of the PL spectrum indichimsthe nickel ion is in a low
crystal field site. In Ni" doped zinc aluminosilicate glass emission peak44&0
nm[199] and at 2350 nm in CsCd(195] In Ni doped GaP the emission peaks at
1870 nm.[201] Similarly to the absorption spectrahg higher energy of the emission
in Ni:GLS is explained by octahedral coordination.
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FIGURE 5.15 Photoluminescence spectrum of 0.02%ehdoped
GLS excited with a 5mW, 633 nm laser source.
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5.3.3 Photoluminescence excitation of nickel dogéd®b

Figure 5.16 shows the excitation spectra of 0.0&%ehdoped GLS indicating a single
absorption band centred at 690 nm. The increafieeiexcitation spectrum at ~450 nm
was caused by the system correction.
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Figure 5.17 PLE spectra detecting emission at 1I0@® nm of 0.02%
nickel doped GLS.

5.3.4 Fluorescence lifetime of nickel doped GLS

Figure 5.17 shows the fluorescence decay of 0.0it%eihdoped GLS and GLSO, fitted
with a stretched exponentials. The best fit toekigerimental data was with lifetimes of
28 and 7Qus for GLS and GLSO hosts respectively. Similarlwamadium and titanium
there is an increase in lifetime in the GLSO hostept the effect is more pronounced
with nickel. These lifetimes compare to 4@, 300us, 583us and 240us for NF*
doped MgA}O,,[55] M@,SiO,,[200] zinc-aluminosilicate glass,[199] andQ+Ga0Os-
SiO; glass[198] respectively. Whereas the emissioniriie in Ni' doped ZnS is 25
1s[204] These comparisons indicate a better mattihtivé lifetime of Ni.
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Figure 5.17 Fluorescence decay of 0.02% nickel ddpeS and GLSO

exciting with a 10 mW 658 nm laser source fittedthwstretched
exponentials.

5.4 Bismuth doped GLS

Recently Fujimoto working at Osaka University, Japdiscovered a new broadband
infrared emission from bismuth doped silica glasd demonstrated 1300 nm optimal
amplification with 800 nm excitation.[166, 205] luiag has also been demonstrated in a
bismuth doped aluminosilicate fibre laser.[84] Tdpmical properties of bismuth doped
crystals[206-214] and glasses have been investigateviously.[165-174] In crystals
assignment of oxidation states was generally ma@denbiguously. In bismuth doped
glasses near infrared emission was often obsehamgever there is a lot of uncertainty
as to the oxidation state of bismuth in glasses amt of the oxidation state
assignments were made tentatively. The near imfraamission of bismuth doped
glasses has been attributed t&,[B67] BP*,[166, 215] and Bi metal clusters.[172]

5.4.1 Absorption of bismuth doped GLS

Inspection of the polished sample (fabrication tetm section 3.2) revealed dark
patches in the glass indicating that the bismutk ma& distributed evenly in the sample
or had partly been incorporated as the black suleo®iO.[173] Doping with lower

concentrations may overcome this problem. The ghisor spectrum of 1% bismuth

doped GLS, in figure 5.18, shows a high baselirgiiion compared to the un-doped
sample. This is believed to be due to scatteriognfthe dark patches in the glass. A
weak shoulder can be observed at ~850 nm in ti@LEi:absorption spectrum. Further
identification of bismuth absorptions cannot be endécause the Bi:GLS absorption
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cannot be directly related to the un-doped GLS m@it®m. The excitation spectrum of
1% Bi:GLS in figure 5.20 identifies two absorptibands centred at 665 and 850 nm.
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FIGURE 5.18 Absorption spectra of 1% (molar) bismdoped
GLS and un-doped GLS in 5 mm thick slabs.

The absorption peaks of various oxidation statedbisiuth in various glasses and
crystals are given in table 5.3.%Bis expected to exhibit two absorption bands, due t
the 'Sy—'P; and'Sy—°>P; transitions.[206, 214] Examining the absorptioakseof BF*

in table 5.3 indicates that Bihas two absorption peaks that do not have a large
variation between different hosts, these two alisorp peaks are located at
approximately 250 and 350 nm. The electron conéiion of the Bi* ion is 636p and

the ground state f1,..[214] In Bf* doped crystals[207, 210, 216], shown in table 5.3,
the first excited state’s) is split by the crystal field and the resultingystal fields
terms are denoted (1) and (2) in order of incregasimergy. Examining the absorption
peaks of Bi'in table 5.3 indicates that Bihas two absorption peaks that do not have a
large variation between different hosts, these wabsorption peaks are located at
approximately 450 and 600 nm.’Bican also display a third absorption peak at ~300
nm. Reconciling this with the absorption peaks oGBS at 665 and 850 nm, given in
sezction 5.4.3, indicates that the absorption 0o6BS may not originate from Bi or
Bi".
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TABLE 5.3 Absorption details for bismuth in a vayieof glass and crystal hostsl entative

assignment.
Host lon Absorption Transition Reference
peaks (nm)
Tantalum germanate Bi 508, 712, 800 - [172]
glass clusterst 1000
GLS glass Bit 665, 850 *Po—'Dy, *Po—"P, This
work
Boron barium Bi*t 465, 700 *P—'Sy, *Po—"D2 [167]
aluminate glass
Phosphor aluminat¢  Bi*t 460, 700 *P—'Sy, *Po—"D2 [168]
glass
Germanium Bi*t 500, 700, 800, *Po—'Sy, *Po—"D, [168]
aluminate glass 1000 PP, *Po—°P)
SrB,4O; crystal Bf* 312, 470, 575 *P12—°S12, [216]
2Pr—2P3(2),
2Py /r—2P3(1)
BaSQ crystal Bf* 455, 588 P P3o(2), [207]
2Pyp—°P3(1)
SrSQ crystal Bf* 460, 575 P P3o(2), [207]
2Pyp—2P3(1)
BaBPQ crystal Bf* 432, 622 P P3o(2), [210]
2Py /r—2P3(1)
LiScQ, crystal BP* 253, 316 159—'P, 'SP, [211]
NaGdQ crystal BF* 253, 344 15—'P, 'SP [211]
YOCI crystal BP* 270, 332 159—'P, 'SP, [206]
LaOCI crystal Bi* 270, 333 15—, 'SP [206]
YOF crystal Bi' 200, 268 15—'P, 'SP [206]
BisGes0y, crystal BF* 250, 290 15—, 'SP [212]
Sodium phosphate]  Bi** 235 15—°P [169]
glass
Silica glass Bi't 500, 700, 80( : [166]
Germanium sodiun]  Bi**t | 370, 500, 700| - [215]
aluminate glass 800
Lithium unassigned 480, 700 - [174]

3

aluminosilicate glas:

The assignment of Bi for bismuth in various glasses has been discoutgd
Meng[168] and Peng[170, 173] because, accordingh&o optical basicity theory
proposed by Duffy,[217] the upper oxidation stafeaodopant in glass is usually
favourable to a higher basicity. The 5+ oxidatitates of bismuth is known to exist in

highly basic alkali oxides such as in NaBi@r KBiO3[209, 218] since these are not

present in GLS glass the presence 6f Bithought to be unfavourable. Thereforé Bi
proposed as the optically active ion in Bi:GLS.
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The electron configuration of Biis 6€6p* which is split by spin-orbit coupling
interaction into the ground statie, and excited statésy, D-, *P, and®P..[167] Energy
matching the absorption peaks for Bi:GLS at 665 860 nm to the energy level
scheme for Bi proposed by Meng[167, 168] indicates that theydwmsest to the 700
and 800 nm absorptions of bismuth doped germanilumiaate glass and can be
attributed to the’Po—'D, and *Py—°P; transitions of Bi. The *P,—'S, absorption
transition may be obscured by the band-edge albisorpf GLS and the’Po—>P»
absorption transition may be very weak, as in btbmidoped germanium aluminate
glass,[168] or not present as in bismuth dopedgltmsaluminate glass.[168]

5.4.2 Photoluminescence of bismuth doped GLS
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FIGURE 5.19 Photoluminescence spectrum of 1% bisrdaped GLS
excited with a 5mW 633 nm laser source.

The photoluminescence spectrum of 1% bismuth dope8 in figure 5.19 shows
emission peaking at 950 nm with a shoulder at ~12#0and a FWHM of 540 nm
(4650 cnl). The emission peaks of various oxidation statedismuth in various
glasses and crystals are given in table 5.4. Silyip the absorption peaks, the
emission peaks of Biand Bi* all occur at higher energy than Bi:GLS reinforcitg
hypothesis that Bf and Bf* do not contribute to observed optical transitiasfs
Bi:GLS. The shoulder on the emission spectrum aGB$% indicated that emission
might be due to transitions from two energy levels, in Bf* doped LiScQ[211]
Comparing the emission spectrum of Bi:GLS to tHaBid in other glasses[167, 168]
indicated that the shoulder at 1240 nm is a go@iggnmatch to théP,—>P, transition
of Bi*, the main peak at 950 nm is therefore attribuoetthé*P,—>P, transition.
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TABLE 5.4 Emission details for bismuth in a variedy glass and crystal hosts fTentative
assignment.

Host lon Emission Transition Reference
peaks (nm)
Tantalum germanate Bi 1310 - [172]
glass clusterst
Boron barium aluminate ~ Bi*t 1148 P—Py [167]
glass
Phosphor aluminate glass  *Bi 1300 *P—°Py [168]
Germanium aluminate Bi*t 1300 *P—Py [168]
glass
GLS glass Bit 950, 1240 PPy, This
3P1—>3Po work
SrB,4O; crystal Bf* 585 “Pyo(1) P2 [216]
BaSQ crystal Bf* 625 “Pao(1)—"Pu2 [207]
BaSQ crystal Bf* 640 “Pyo(1) P2 [207]
LiScO; crystal BF* 404 Polsy [211]
3PO_’lS)
NaGdQ crystal BF* 384 Polsy [211]
3PO_’lS)
YOCI crystal BP* 400 P [206]
LaOCI crystal Bi* 345 pols [206]
YOF crystal Bi* 330 P [206]
BisGes0y, crystal BF* A75 Pl [212]
Sodium phosphate glass *Bi 400 pols [169]
Silica glass Bi't 750-1250 s [166]
Germanium sodium Bi>*t 1220 - [215]
aluminate glass
Lithium aluminosilicate | unassigned 1100, 1350 - [174]
glass

In Bi** doped LiSc@and NaGd@, excitation took place into th#®; level but emission
was observed from both th#;—1S transition and the spin forbiddefP,—'S
transition. In bismuth doped silica glass infraremlission was only observed with
aluminium codopant,[166] it also varied with extiia wavelength with two emission
peaks at 750 and 1140 nm under 500 nm excitatine,at 1122 nm under 700 nm
excitation and one at 1250 nm under 800 nm exgitatin bismuth doped lithium
aluminosilicate glass, emission consisted of twaigsan peaks at 1100 and 1350 nm,
these peaks had lifetimes of 549 and 2Z&0respectively. No infrared emission from
Bi** and no fluorescence lifetime from®Bionger than us has been reported.[173]
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5.4.3 Photoluminescence excitation of bismuth dope8

Photoluminescence excitation spectra were takamusie setup described in section
3.3.3. The excitation spectrum of 1% Bi:GLS, inufig 5.20, shows a peak at 850 nm
which can be related to the weak shoulder of tls®idtion spectrum in figure 5.18 and
a peak at 665 nm which could not be resolved iratisarption measurement.
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FIGURE 5.20 PLE spectra detecting emission at 10003 nm of
1% bismuth doped GLS.
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5.4.4 Fluorescence lifetime of bismuth doped GLS

1% Bi:GLS fluorescence decay
\ —— Double exponential fittg= 6.5ps, T,= 60 us)
e? \ Continuous lifetime distribution fit
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FIGURE 5.21 Fluorescence decay of 1% bismuth ddpe8 exciting
with a CW 10 mW, 658 nm laser source and fittedhwat double
exponential and the continuous lifetime distribatimodel.

Figure 5.21 shows the fluorescence decay of 1% uilsrdoped GLS. Likewise to
similar concentrations of vanadium and titanium eb|LS the decay did not follow
stretched exponential behaviour and was more aedyraescribed by a double
exponential. The lifetimes of the double exponériiiavere 6.5 and 6@s. The decay
was also fitted using the continuous lifetime dttion model (see section 4.10). The
results are given in figure 5.22 and show two ilifiet distributions centred at 7 and 47
us, which is in reasonable agreement with the resulthe double exponential fit. Two
lifetime components have been reported for bisnddped glasses[165, 171] which
were attributed to the bismuth ion occupying défdrsites in the glasses. This may be
the case for Bi:GLS since, as described in seai@nit is thought that transition metals
occupy oxide and sulphide sites which give riséotmy and short lifetime respectively.
However, the shoulder in the emission spectruncatds that two energy levels may be
involved in the emission so the two lifetime compots may be the lifetimes of the two
energy levels as in Bidoped LiSc@. [211]
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FIGURE 5.22 Lifetime distribution in the emissioaddy of 1%
bismuth doped GLS.

The emission lifetimes of various oxidation statésbismuth in various glasses and
crystals are given in table 5.5. The lifetime for@&.S is longer than the reported
lifetimes for BF*, again reinforcing the hypothesis that'Bidoes not contribute to
observed optical transitions of Bi:GLS. The lifeéinfor Bi:GLS is longer than the
reported lifetimes for Biand bismuth doped glasses in which optical gaah laging
were demonstrated, however lowering the conceatratind using GLSO host may
significantly increase the lifetime.

The emission lifetime and emission cross sectian iamportant parameters for the
characterisation of a laser material because ger kareshold is inversely proportional
to the product of the emission lifetime and emiss@oss section.[130] However,
calculation of the emission cross section requidesermination of the quantum
efficiency. This was not possible for Bi:GLS becawd the loss of ORC facilities, see

section 1.5, therefore quantum efficiency measunesnef Bi:GLS is suggested as
further work.
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TABLE 5.5 Emission lifetime details for bismuth @ variety of glass and crystal hosts

TTentative assignmed_asing demonstrated.

Host lon Lifetime (us) Transition Referencq
GLS glass Bit 7, 47 P3Py PPy This
work
Tantalum Bi clusterst 200 - [172]
germanate
glass
Boron barium Bi*t 350 *P—Py [167]
aluminate glass
Aluminosilicate| unassignedj 1000 [84]
glass
Phosphor Bi*t 500 *P—Py [168]
aluminate glass
LiScO, crystal BF* 0.045, 380 P19 PSS | [211]
NaGdQ crystal Bi®* 0.1,7 P15 P—'S | [211]
YOCI crystal Br* 1.4 polg [206]
LaOCI crystal Bi* 1.6 polsg [206]
BisGesO12 Bi** 0.4 Pols [212]
crystal
Sodium Bi®* 3.9 P—ls [169]
phosphate glass
Germanium Bi>*t 434 - [215]
sodium
aluminate glass
Silica glass Bi't 630 - [166]

5.5 Conclusions

Absorption measurements of Ti:GLS identified asaaption band at ~500-600 nm that
could not be fully resolved because of its proxyntib the band-edge of GLS. At
concentrations of 0.5% and greater a shoulder @06-hm is observed, there is also a
weak and broad absorption centred at around 1800 Time second derivative
absorption spectra identified an absorption peal®8&? nm in Ti:GLS but not in
Ti:GLSO, absorption peaks at 615 and 585 nm ase alentified for Ti:GLS and
Ti:GLSO respectively. The excitation spectra of9@.fitanium doped GLS and GLSO
both show a single excitation peak at 580 nm Théssan spectra of Ti:GLS and
Ti:GLSO both peaked at 900 nm. It is proposed that absorption at ~600 nm in
Ti:GLS and Ti:GLSO is due to th&,4—°E, transition of octahedral Ti and the
absorption at 980 nm in Ti:GLS is due t6d"TTi** pairs. The 97is emission lifetime of
Ti:GLSO compares very favourably to the lifetime BfSapphire of 3.1us. The
optimum doping concentration for an active deviesdal on Ti:GLSO may be lower
than the lowest concentration of 0.05 % molar ihgesed in this chapter. Therefore the
investigation of lower doping concentrations ofGILSO is suggested as further work.
The fabrication of a Ti:GLSO fibre at the optimunopihg concentration for
applications as a tuneable laser source is alsgested as further work.



Chapter 5 Titanium, nickel and bismuth doped clgdoide glass 140

The absorption of Ni:GLS is characterised by a-gkit of ~ 300 nm in the band-edge
indicating a nickel absorption in the region 50@8@m. There is also a very weak
absorption peaking at ~1500 nm. The excitation tspeaf Ni:GLS indicate a single
absorption band centred at 690 nm. It is proposatthe 690 nm absorption of Ni:GLS
is due to Ni in octahedral coordination. The weak absorption1&00 nm is attributed
to small amounts of Niin tetrahedral coordination. The photoluminescespectrum
peaks at 910 nm with a FWHM of 330 nm. The lifetsnad Ni:GLS and Ni:GLSO are
28 and 70us respectively. Fabrication of a range of concéiotna of Ni:GLS and
Ni:GLSO to further investigate its spectroscopioperties is suggested as further work.

A weak shoulder can be observed at ~850 nm in th&LB absorption spectrum.
Further identification of bismuth absorptions canhe made because dark patches in
the sample were detrimental to its absorption. &wtation spectrum of Bi:GLS shows
peaks at 665 and 850 nm Based on comparison$i¢o work the absorption peaks for
Bi:GLS at 665 and 850 nm are attributed to¥e->'D, and*P,—>P;, transitions of Bi.
The emission decay of Bi:GLS consisted of two ilifet distributions centred at 7 and
47 ps. The demonstration of lasing in bismuth dopednalosilicate glass makes
development of a Bi:GLS laser more favourable. Eabbn of a range of
concentrations of Bi:GLS and Bi:GLSO to further astigate its spectroscopic
properties is suggested as further work.
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Chapter 6

Femtosecond laser written waveguides in chalcogemd
glass

6.1 Introduction

In this chapter the fabrication and characterisatid buried waveguides written into
GLS glass using 800 nm focused fs laser pulsespisrted. The spectral broadening of
1550 nm fs laser pulses coupled into these waveguglalso reported.

6.1.1 Femtosecond laser material modification

Femtosecond (fs) lasers have several advantagesaveentional laser systems for the
micro-structuring of transparent dielectrics. Thasaude the reduction of collateral
damage[219] and sub-diffraction limited ablatio@(2222] In gold film 800 nm fs
lasers have been used to ablate holes roughly lfOfeofocus spot size.[223] This
effect was attributed to the minimised thermalwdfbn time of ultra-short pulses that
have a peak laser fluence slightly above a wellingdf ablation threshold.[223]
Femtosecond laser modification of transparent sdhids many potential applications.
The possibility of writing active devices has beEmonstrated in Er-Yb doped silicate
glass.[224] Plasma-induced bulk modification by tigétly focused fs lasers has been
demonstrated as a tool for three-dimensional dptoemory with data storage
capacities of up to B bits/nt.[225-228] Tightly focused fs lasers have also besed
for micro-structuring in transparent dielectric292 230] Infra-red femtosecond laser
pulses have be used to permanently photo-reduc¢é tBUEL" in fluorozirconate
glass,[231] photo-oxidation of Mh to Mr®* has also been observed in silicate
glass.[230]

6.1.2 Highly nonlinear glass

Highly nonlinear glass is an excellent candidatéenma for optical, ultrafast, nonlinear
devices such as demultiplexers,[232] wavelengthvedars[233] and optical Kerr
shutters.[234] This is because of its ability tasza nonlinear phase shifts over much
shorter interaction lengths than conventional dailibased) devices. Various
waveguiding structures such as fibres, proton beaitien waveguides, continuous
wave (CW) laser written waveguides and fs lasetteniwaveguides could be used to
realise such devices. Of these, fs laser writingaicularly attractive because, as well
as having rapid processing times, waveguiding siras can be formed below the
surface of the glass enabling 3-D structures téabeicated. Optical components such
as a Fresnel zone plate[235] and a fibre attenj2a@f have been fabricated using fs
laser pulses. Several studies have described ttricddon and characterisation of
waveguides using focused fs laser pulses in phtsphéss[236] chalcogenide
glass[237] and heavy metal oxide glass.[238] Ofs¢hehalcogenide glasses are
especially attractive because they have a highimean refractive index and enhanced
IR transmission, coupled with low maximum phonomrgy. The nonlinear refractive
index of chalcogenide glasses is in general highan oxide glasses with the same
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linear refractive index. This is believed to beoasequence of the large polarizability of
the chalcogen ions.[239] Of the chalcogenide gisgmllium lanthanum sulphide
(GLS) is probably the most notable, with respeattical nonlinear devices, as it has a
nonlinear figure of merit (FOM) of >7, which is maled to be the highest for any bulk
glass reported to date,[240]

n,
2[Brp/

FOM = (6.1)

where A is the wavelength,.ns the real part of the nonlinear refractive incdex prpa
is the two-photon absorption (TPA) coefficient.

6.1.3 Nonlinear optical devices

A potential use for waveguides written, in highlgntinear glass such as GLS, is the
realisation of nonlinear optical devices. A longntegoal of the work presented in this
chapter is the possibility of fabricating an optichip using fs laser writing that could

incorporate optical amplification and ultra fastiteWing integrated on a single device.
What follows is a brief description of various aati devices that exploit the nonlinear
properties of waveguiding structures.

6.1.3.1 Mach-Zehnder interferometer switch

The basic principle of a Mach-Zehnder interferomsteitch is that guided light is split
into two branches of a waveguiding structure areh ttecombined at an output in such
a way that interference can occur. By inducing ar odd multiple oft, phase shift in
one of the branches the recombined beams candrgedestructively. Devices have
been demonstrated in whichtgphase shift is induced on a 1520 nm, 1 fJ sign&ep
with a width of 150 fs, through the saturation ok@miconductor optical amplifier
(SOA) by a 250 fJ control pulse with the same wearwgth and pulse width as the signal
pulse.[241] In other devices @ phase shift was induced by applying a voltage to
InGaAlAs/InAlAs waveguide structure.[242]

6.1.3.2 Optical Kerr shutters

Optical Kerr shutters exploit the nonlinear phaséuced by the intensity dependent
nonlinear birefringence to change the state ofrpraton (SOP) of a weak signal in a
nonlinear medium.[243] These devices are oftenis&alin a fibre geometry, in this

case a linearly polarised signal is launched intgodarisation maintaining fibre

polarized at 45° to both the two principal axes.e TROP of the signal changes
periodically due to birefringence built into thére. The original SOP is restored by a
guarter-wave plate at the output of the fibre anthen blocked by a crossed polarizer,
this is the closed state of the optical Kerr shuffe open the shutter, linearly polarized
strong pump light is launched along one of the psiaciple axes of the fibre together
with the signal. In this case the refractive ingdider the parallel and perpendicular
components of the signal become slightly differevith respect to the direction of the
pump polarization, due to the pump induced birgieimce. This nonlinear birefringence
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causes a nonlinear phase shift and also change&QReof the signal, thus the signal is
transmitted through the polarizer.[243] A switchingower of 3W has been
demonstrated for an optical Kerr shutter based .@nni of AsS; fibre.[244] Optical
Kerr shutters have been used for various applioatiosuch as intensity
discrimination[245] and optical sampling.[234]

6.1.3.3 2R regenerator

An all-optical signal regeneration technique utilig self-phase modulation (SPM) in
fibre and subsequent filtering of the signal wastfproposed by Mamyshev.[246] This
is a 2R regenerator (where 2R stands for re-arogtiin and re-shaping) simply
comprising of a nonlinear waveguide and an optiahdpass filter. This method is
based on the effect of SPM of the data signal no@linear medium with subsequent
optical filtering at a frequency:, which is shifted with respect to the input dadarier
frequencywo.[246] Due to the effects of SPM the input pulsedatens ta\wspm given
by equation 6.2 (also given in section 6.4.422%]

_Aay2m,l L

Awepy, = y (6.2)

WhereAwy is the bandwidth of the input pulse, is the nonlinear refractive index, is
the pulse intensity, L is the waveguide length ands the wavelength. After the
nonlinear waveguide, the pulse passes through tacabfilter with centre frequencys,
shifted from the signal frequenay given by:o: = @wg + A®shit. If Aosp/2< Aoshire the
input pulse is rejected by the filter, this happesen the pulse intensity Ip is too small
(noise in “zeros”). If the pulse intensity is highough so thahwsp/2> Awshir, @ part
of the SPM broadened pulse passes through the[84é] Since the spectral density of
the broadened spectrum at the filter pass bandheanade to be relatively insensitive to
the peak power of the input pulses, any amplitldetdations in “one” bits are reduced
by the process.[247]

6.2 Waveguide fabrication and characterisationraples

6.2.1 Waveguide fabrication

Waveguides were written in two different sampldsese were a GLS and a GLSO
sample, both having dimensions of ~ 12x12x5 mm. Gh& sample was prepared by
mixing 65% gallium sulphide, 30% lanthanum sulphae 5% lanthanum oxide (%
molar) and the GLSO sample was prepared by mixing% gallium sulphide and
22.5% lanthanum oxide (% molar). The batching amdting details for these glasses
are given in section 3.2.1. After the waveguidegeweritten their enfaces were
polished to a scratch-dig surface quality of 40a2@ a parallelism of < 0.03°. The first
digits of the scratch-dig specification relate te tmaximum width allowance of a
scratch inum, the next digits indicate the maximum diametdovednce for a dig in
1/100 mm.

A schematic of the waveguide writing process iswshan figure 6.1. Femto second
laser radiation was generated using a Coherenersysbmprising of a Mira mode
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locked Ti:Sapphire oscillator which was pumped byedi V10 frequency doubled

, 10W, 532 nm diode pumped laser. The output of Mi&a seeded a RegA 9000
regenerative amplifier which was tuned to 800 nm amitted a train of pulses with a
duration of 150 fs, a repetition rate of 250 Kldad a pulse energy up tp.B A mirror
diverted the output of the RegA to the direct waetup where a computer controlled
shutter regulated the irradiation time. Pulse eyexgs controlled using a variable
neutral density filter and a half wave plate alloweotation of the linear laser
polarisation. The lenses L1 and L2 were used taaedhe beam radius so that it had a
high coupling efficiency into the objective. Thesdéa beam was focused via a 50x
objective (NA=0.55) at 100-400m below the surface of the sample. The focus spot
diameter was measured to be firb in air and calculated to be aroun@® inside the
glass sample. The sample was mounted on a Aeraeciputer controlled, linear
motor, translation stage which could move in 3 axéb a resolution of a 20 nm in all
three axes. A series of channels at various puleggees and translation velocities was
written in the sample by translating it perpendiclyl to the propagation direction of the
laser beam. A red glow attributed to plasma fluoeese, see section 6.3, was visible
from the focal point as it passed through the samisfter processing, the end faces of
the sample were polished for subsequent charaatiens

g_rans'latior
L1 L2 Shutter M2 plate 50X 1 recton
A A | H H Na=055 @l a0
/ V V | I “ U | D & stage
IS A N filter Iris Y
800 nm (150 fS) SampLA

pJ, 750-850 nm

A | RegA 9000 ‘ cco

Verdi V18
532 nm (CW)

éé Mira
nJ, 700-980 nm

Verdi V10
532 nm (CW)

FIGURE 6.1 Schematic of waveguide writing process.
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6.2.2 Guided mode profile and micrographs

To obtain guided mode profiles a vertically polads633 nm, He-Ne laser was coupled
into and out of the waveguides with 10x 0.25 NAeauhives, the low magnification was
needed because of the large mode size (~uB®diameter) of some of the waveguides.
The polarisation direction was changed with a halfe plate. The near field image was
then captured by a charged coupled device (CCDetam

633 oo XYZ  XYZ = Xyz
HeNe
Sample
A— DMC —
10X
A2 plate 10X CCD

camera
FIGURE 6.2 Guided mode profile setup.

Optical micrographs were taken on a Nikon Eclipsél@0 optical microscope in
transmission and reflection mode.
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1.75 pd/pulse 1.26 pJ/pulse 0.84 pJ/pulse

(a) (b) (a) (b)

0.42 pd/pulse

0.21 pJ/pulse

FIGURE 6.3 Transmission optical micrographs (a) aear-field guided mode at 633
nm (b) of waveguides written at a focus depth o®G-gm into the GLS sample at
various pulse energies and a translation speed0fufh/s. The arrow shows the
propagation direction of the laser used to wrieewaveguides.

Figure 6.3 shows the transmission optical micrograpd near field mode profile of
waveguides written in the GLS sample with pulsergies of 0.21-1.75J and a scan
speed of 20Qum/s, with the focus spot 40@m below the surface of the sample. The
figure shows that the form and cross-sectional siz¢he waveguides has a strong
dependence on the writing pulse energy, which atég that the waveguides are
formed by a nonlinear process. The 800 nm waveltenfithe laser used to write the
waveguides is in the transmission window of GLS #mete is no noticeable material
modification occurring until the beam reaches @suls ~400um inside the glass. This
also indicates that the waveguides are formed bprdinear process. It is noted that
there was no apparent ablation or cracking of thesgeven at the highest pulse energy
used of 1.75uJ, which is ~14 times the lowest pulse energy (Qul)2at which material
modification was observed (no guided mode coulddumd for this waveguide). For
continuous wave (CW) ultra violet (UV) written wapedes in GLS damage occurred
at ~6 times the lowest fluence used,[34] this ssggehat a different formation
mechanism is involved for CW UV written waveguidasGLS than for femtosecond
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writing. UV written waveguides in GLS are extremelglicate as they are written into
the surface of the glass and hence the end faegwane to cracking, the top surface is
also easily damaged. Buried femtosecond laseremrittaveguides are inherently more
robust than UV written waveguides as they are pitetk beneath the surface of the
glass. This robustness was illustrated when theoamas accidentally dropped several
times with no detrimental effect on the waveguides.

Figure 6.3 appears to show two distinct forms o¥egaiide. At pulse energies of 1.75,
1.26 and 0.844J the waveguides have a distinctive “teardrop” shajh a dark central
region and a brighter structure surrounding its tlype of waveguide is now referred to
as A-type. The near field guided mode of the A-tyymveguides appears to show that
the dark central region does not guide light ad a&the brighter surrounding structure.
Rotating the polarisation of the guided 633 nm bdam vertical (E field along major
axis of waveguide) to horizontal increased thegmaitted power by ~10%. At a pulse
energy of 0.21uJ the waveguide structure is very different to fieype waveguides
and is characterised by a long and narrow filanfiketstructure with no resolvable dark
central region; this type of waveguide is now reddrto as B-type. The guided mode of
the B-type waveguide can be fitted to a Gaussiafilprwith a correlation coefficient
0.986 in the horizontal and 0.923 in the vertidaficating the waveguide is single
mode at 633 nm. However this waveguide could sugpgher order vertical modes by
adjusting the input parameters. The waveguide evritait a pulse energy of 0.4
appears to show a transitional form with charasties of both A-type and B-type
waveguides.
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Pulse energyd)
FIGURE 6.4 Height, width and aspect ratio of wavdgs as a function of
writing pulse energy for waveguides written at @ttleof 400um in GLS.
The lines are a guide for the eye.
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The height (z dimension), width (y dimension) asgexct ratio (height/width) measured
for these waveguides are shown in figure 6.4. Comgathe aspect ratio of the
waveguides to their type indicates that A-type vganedes are characterised by an
aspect ratio of 3-5 and B-type waveguides are chariged by an aspect ratio of ~40.
The width of the waveguides reaches a maximum 6D+in at a pulse energy of ~1.2
uJ whereas the height of the waveguides continu@xtease up to the maximum pulse
energy used. The top of the waveguides were #leasame depth in the glass but as the
pulse energy was increased the waveguides movedrdsvihe source of the writing
laser beam.

Figure 6.5 shows the transmission optical microbrapear-field guided mode and
reflection optical micrograph of waveguides writiarthe GLS sample at pulse energies
between 0.28 and 0], translation speeds of 200, 100 andiBUs at a focus depth of
100um below the surface of the sample. Similarly tafeg 6.3, the transmission optical
micrograph shows a “teardrop” shape with a darkireémegion (now referred to as
region 1) and a brighter structure surroundingh@w referred to as region 2), however
this differentiation of structure is clearer tham the waveguides in figure 6.3. It is also
more apparent that region 1 does not actively gliglg and it is only region 2 that
guides light. This effect is probably related tce ttepth that the waveguides were
written at and may arise from the lower resistatacexpansion caused by exposure to
the fs laser pulses at the lesser depth. It colslol lae caused by a greater aberration in
the writing beam for the waveguides written at @tdleof 400um than at 100Qum,
caused by imperfections and inhomogeneities in dlass. The reflection optical
micrograph shows that region 2 has a high reflégtimdicating that it has undergone a
positive refractive index change; region 1 hasweloreflectivity indicating that it has
undergone a lower refractive index change.

The waveguides in figure 6.5 are all A-type and parng the size of the waveguides
in figure 6.6 to those in figure 6.4 shows that $omilar pulse energies the waveguides
written at a depth of 100m are wider than those written at a depth of 460 although
they are not as high because the waveguides wettendepth of 40Qm are B-type or

a transitional form. This indicates that there @ng attenuation of the writing laser
beam as it is transmitted through the glass bafaeaches a focus and undergoes non-
linear absorption.

Comparing the size and form of the waveguides gurg 6.5, written at translation
speeds 200, 100 and %@n/s shows that the waveguides written at thesedspaee
virtually identical for the same pulse energy wétlslight increase in size as the speed
decreases. For the various pulse energies usesl itharl0-20% increase in width and a
5-10% increase in height going from a translatipaesl of 20Qum/s to 50um/s. This
small increase in size, with a quadrupling of theting beam fluence on the sample,
indicates that the absorption and thermalisati@mtess caused by each pulse is almost
complete when the next pulse arrivegsdater.
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0.4 pJ/pulse, 200 ym/s 0.4 pJ/pulse, 100 ym/s 0.4 pJ/pulse, 50 um/s

(c)

(€)

0.36 pJ/pulse, 50 ym/s

(@) (b) (c)

0.32 pJ/pulse, 50 ym/s

0.28 pJ/pulse, 200 pm/s 0.28 uJ/pulse, 100 pm/s 0.28 pJipulse, 50 pm/s

@ () () @ ) (o @ (®  (©
FIGURE 6.5 Transmission optical micrographs (a)dgd mode at 633 nm (b) and
reflection optical micrographs (c) of waveguidestten at a focal depth of ~10@m
into GLS at various pulse energies and translapeeds.
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FIGURE 6.6 Height, width and aspect ratio of wavdgs as a function of
writing pulse energy for waveguides written at @tdeof ~100um in GLS at
various translation speeds.

Figure 6.7 shows the transmission optical microlgrapear field guided mode and
reflection optical micrograph of waveguides writtén the GLSO sample at pulse
energies between 0.16 and 0i4B translation speeds of 100 and86/s and at a focal
depth of 30Qum below the surface of the sample. The waveguidesiailar in size to
waveguides written at a similar depth and pulserggnen GLS. The transmission
optical micrograph, near field guided mode andewfon optical micrograph show a
similar pattern to that described previously forSWwaveguides. Waveguides written at
pulse energies of 0.24 — 0.48 are A-type and the waveguide written at Qulfpulse

is B-type. Figure 6.8 shows that, similarly to wgueles in GLS there is little
dependence of the waveguide cross-section dimensiorthe translation speed and A-
type waveguides are characterised by an aspeotafi-5 and B-type waveguides are
characterised by an aspect ratio of ~30. The faomahechanism of these waveguides
is discussed in section 6.3.
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FIGURE 6.7 Transmission optical micrographs (ajdgd mode at 633 nm
(b) and reflection optical micrographs (c) of waweps written at a focal
depth of ~300um into GLSO at various pulse energies and tramsiati

speeds.
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6.2.3 Refractive index change profile

The refractive index changeArf) profile of the waveguides was deduced from a
guantitative phase image taken in the axis thatwheeguides were written, using
guantitative phase microscopy (QPM). There are mbmr of methods available to
recover the phase structure of an object. The mostmon of these is interferometry
which can be implemented using the phase-steppitgrférometric technique.[248,
249] However, interferometry requires radiationtwé high degree of coherence and
coherent imaging is not yet able to achieve theh higsolution desired in optical
microscopy. Images can have problems with spetikde firevent the formation of high
guality images.[250] Phase structure can be oldainsing a technique called
differential interference contrast (DIC), which Wwerby separating a polarized light
source into two beams which take slightly differpaths through the sample.[251-253]
The two beams then recombine and interfere. Howeker method is not quantitative
and requires a relatively complex lighting scheme.

In order to explain the principle of quantitativegse microscopy, consider a beam of
light propagating nominally in the +z direction.cin be shown[254] that the amplitude
(ULr)) of the light beam satisfies approximately theapalic equation 6.3.

2
(i%+%+kjuz(r)zo 6.3)
,_0° 07 _2n . : . .
Where[ —y+a—y2, k—7 andr = (x,y) is a two dimensional vector in the

transverse direction. By assuming that when thétligasses through an object it
undergoes both phase retardation and absorptiorthendt is imaged with a perfect,

aberration free optical microscope and is coheyefitiminated; then the field leaving

the object (O()) can be described by equation 6.4

O(r) = A(r)e”" (6.4)

Where Af) and ¢(r) are the objects’ absorption and phase profile mspdy.[255]
The intensity distribution in the image plangddd{r)) is given by 6.5

o

Where Jum(r) is the intensity distribution in the absence loé tobject and M is the
magnification of the microscope. The introductiohaosmall amount of defocus is
mathematically equivalent to a differential prop@ga of the field and may be
described by the transport of intensity equatidsb|2

2776' Image(r) - _ L
= D{Ilmage(r)D‘t{M D (6.6)

2

l lllum (r) (65)
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Given the availability of positively and negativadgfocused images, equation 6.6 can
be solved for the phase using Fourier transformhoes.[256] This analysis is based on
coherent illumination, however, the optical microges used in QPM systems use a
partially coherent illumination source. It can dewn[255] that a partially coherent
source gives an identical result to the cohereseca equation 6.6, provided that the
irradiance distribution of the illumination sourskows inversion symmetry.[255] After
the phase has been found, the refractive indexgeh#&m) of the waveguides can be
calculated using equation 6.7.[257]

-9
fn=_ (6.7)

Where L is the wavelength of 550 nm used by IATIA software calculate the
guantitative phase image and d is the height (zdsion) of the waveguides.

The QPM system used here is illustrated in figu/@ @&d incorporated an Olympus
BX51 optical microscope equipped with a Physik dmstente P721K039, nano-
focusing, Z drive with a resolution of < 1 nm tokeéain-focus and very slightly

positively and negatively defocused images. IATAtware was then used to calculate
the quantitative phase image.

CCD
camera

Microscope | ~——

S
‘N;o-focusing
10X Z drive
N 4

Sample

FIGURE 6.9 Quantitative phase microscopy setup.
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(1)

()
FIGURE 6.10 Optical micrograph (I) and quantitatpfease image (Il) of waveguides
written at a translation speed of 2(fh/s and pulse energies of 1.44 (a and b),
1.26uJ (c and d), 0.84J (e and f), 0.42J (g and h), 0.21J (i and j). The images
were taken in the axis the waveguides were written.

Figure 6.10 (I) shows the transmission optical ogcaph of waveguides written at
pulse energies of 1.74 — 0.3, a translation speed of 2(fh/s and a depth of 4Qdm.

Its corresponding quantitative phase image, shawfigure 6.11 (Il), was calculated
from the image in figure 6.11 (I) positively andgag¢ively defocused by 3@m. The
index change profiles of the waveguides were catedl from vertical cross-sections of
figure 6.10 (II) in areas of good contrast agathst background phase information. A
transmission optical micrograph and quantitativagghimage is also shown in figure
6.12 (1) and (II) respectively but for a set of veguides written at a depth of 1(0t.
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FIGURE 6.11 Optical micrograph (I) and quantitatpease image (II) of waveguides
written at a depth of 100m with pulse energies and speeds of u2&nd 50um/s (a),
0.28uJ and 10Qum/s (b), 0.28.J and 20Qum/s (c), 0.321J and 5Qum/s (d), 0.32.J and
100 um/s (e), 0.321J and 20Qum/s (f), 0.36uJd and 50um/s (g), 0.36uJ and 10Qum/s

(h), 0.36 uJ and 200um/s (i), 0.4uJ/ and 50um/s (j), 0.4uJ and 100um/s (k)
respectively.
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The quantitative phase map in figure 6.11 (II) wesed to emulate a differential
interference contrast (DIC) image, shown in figér&2, which illustrates the excellent
image quality available through DIC. Although thdCDimage does not contain
guantitative phase information it has enhanced reshtand resolution and a reduced
number of artefacts.

FIGURE 6.12 Emulated differential interference cast image from
guantitative phase image in figure 6.12 II.

An example of the phase profiles extracted fromrgg6.10 (1) and 6.11 (II) is shown
in figure 6.13. The background phase profile wasuaged to vary linearly over the
width of the waveguide. This linear approximatioasathen subtracted from the phase
change profile to give the phase profile for theseguide alone.



Chapter 6 Femtosecond laser written waveguidebkaicogenide glass 157

90
B 80 A
g
o
a5
a
p 70
)]
c
©
E
o 604
0
ccrs
o —— Phase chang
50 - —— Background
40 T T T T T T T
-40 -20 0 20 40 60 80 100 120
Distance jgm)

FIGURE 6.13 Phase change profile of a waveguidé&ewmiwith 0.84
w/pulse, 20Qum/s translation speed and a depth of 400 together
with the (assumed to be linear) background ph&sege that was
subtracted from the phase change data.

The index change profile of each waveguide was taculated from its phase change
profile using equation 6.7.
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FIGURE 6.14 Refractive index change profile as racfion of writing pulse
energy for waveguides written into the GLS sampla depth of ~10@m at
translation speeds of 50, 100 and 200's.
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Figure 6.14 shows the refractive index change) (profile as a function of writing pulse
energy for waveguides written into the GLS sampla depth of ~10@um at translation
speeds of 50, 100 and 2(f/s; the figure shows a double peak structure witrough

at the centre for waveguides written at pulse daergf 0.36 and 0.4J. Comparing the
An profile of the waveguides written at pulse enesgif 0.36 and 0.4J to their optical
micrographs, in figure 6.5, demonstrates that medidvas undergone a lower refractive
index change than region 2 but whether the indegh of region 1 is negative is still
unclear. Figure 6.15 shows tha profile of a waveguide written with a pulse eneod
0.4 uJ and a translation speed of ph/s superimposed onto its transmission optical
micrograph. This clarifies that region 1 has undeega lower refractive index change
than region 2, it also indicates that the indexiat&an extends beyond the visible
boundary of the waveguide. Examining the microgsaphthe waveguides (figures 6.3,
6.5 and 6.7) shows that the waveguides tend tongebwer moving away from the
centre of the waveguide (zero radial distance),index change profiles will therefore
be an underestimated distance away from the ceafttbe waveguide. Because the
visible boundary of the waveguide may not represiet boundary of the index
modulation, taking into account the change in waneg thickness with radial distance
may be unproductive.

The An profile in the middle of the waveguide includég index change of region 1
and 2, decoupling the index change for both thegéns to determine if region 1 has
undergone a negative index change required the daoi@s of these regions to be
accurately defined. As previously discussed, definihne boundaries of the different
waveguide regions is difficult. However, using thaveguide shown in figure 6.15 and
approximating the waveguide regions by eye, theegaide thickness at the peak index
change of 8.6x18is ~ 69% of the maximum waveguide thickness, gj\énpeak index
change of 1.24xIf) all of this index change is due to region 2. Tiekness of region
2 in the centre of the waveguide is ~ 38% of theximam waveguide thickness,
therefore the index change due to region 2 in #mare of the waveguide should be
38/69x1.24x1G = 7.0x10°. This value is slightly higher than the observedeix
change of 6.7xI®and indicates that region 1 has undergone a negaiex change of
3x10™ However, region 1 could show a positive indexng& depending on how the
boundaries of region 1 and 2 are defined, theredoneore systematic way of defining
the boundaries is required. Ellipsometry measurésnef the waveguide end faces
should be able to directly measure the index chaofjegegions 1 and 2, these
measurements were attempted but they failed toatewgy index variation, the reason
for this is unclear.
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FIGURE 6.15 Index change profile of a waveguidetteni with a pulse
energy of 0.4puJ and a translation speed of %0n/s scaled and
superimposed on to its transmission optical micapyr

Figure 6.14 shows that, at a pulse energy of QBand a translation speed of 100/s,
the double peak structure of the index change lprefino longer apparent. Examining
the micrograph of this waveguide, in figure 6.54jigates that this is due to a reduction
in the relative size of region 1, which has a lowatex change than region 2. The
increase in maximum index change, as the pulseygridgcreases from 0.36 to 0.32
(also show in figure 6.17), is also attributed hésteffect. The refractive index change
may also have saturated, as happens in fs lasgemwwwaveguides in fused silica where
the index change for a speed ofld/s saturated at ~ 0.78, for borosilicate glass the
corresponding value was 0.pJ.[50] Figure 6.14 also shows that reducing the
translation velocity increases the contrast ofdbable-peak structure, for example for
waveguides written at 0.4J/pulse the ratio of the double peaks to the cetyagh is
1.07, 1.11 and 1.29 for translation speeds of 200, and 50um respectively, which
indicates that region 1 is larger and/or has a toiwdex in waveguides written with
lower translation speeds.
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FIGURE 6.16 Refractive index change profile as acfion of writing pulse
energy for waveguides written into the GLS sample depth of ~40Qm.

Figure 6.16 shows the refractive index change) (profile as a function of writing pulse
energy for waveguides written into the GLS sampla depth of ~40@um. Similarly to
figure 6.14 there is a deviation from a double petalacture at 0.4J/pulse, however,
examining the micrograph of this waveguide in fig.3 indicates that this originates
from a transition from A-type to B-type waveguides.
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FIGURE 6.17 Peak index change as a function ofingriipulse energy for waveguides

written at a depth of 100m (a) and 40@um (b).
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Figure 6.17 shows the peak index changes taken figure 6.14 and 6.16. The index
change appears to reaches a maximum of ~ 0.0B2u0/pulse and 0.84J/pulse for
waveguides written at a depth of 100 and 400 respectively. This is attributed to a
saturation of the index change and an increaséhefrelative size of region 1 with
increasing pulse energy. The index change for waideg written with ~0.4.J/pulse
and 200um/s at a depth of 100 and 4Qn is 7.5x1C° and 4.8x10 respectively. This
decrease, with increasing focal depth, is attribute linear absorption of the pulse
before it undergoes nonlinear absorption at itsuspcas discussed for the relative
decrease in waveguide size at a depth of 400n section 6.2.2. The mechanisms by
which refractive index modification occurs due ® ldser exposure are discussed in
section 6.3.3.

6.2.4 Micro Raman spectra

Raman spectroscopy has been used by other autbodetermine the structural
modification caused by fs laser exposure in,3Asglass [237, 258], borosilicate
glass[50] and aluminosilicate glass[259]. Ramarcspeof GLS fs written waveguides
were taken with a Renishaw Ramascope with a 10n88,rin, HeNe laser and a 50x
objective lens, described in detail in section@.3.

Micro-Raman measurements were made of the endfafcesmveguides written at the
highest energy used in this study (1@ so that any differences from the unexposed
glass would be as clear as possible. The Ramanunsasnts of region 1 and 2 of
waveguides written at pulse energies of 1udb and 1.26puJ and two regions of
unexposed glass are shown in figure 6.18. The inaaglee top of the figure shows the
position at which each Raman spectrum was takenjndets show the two regions of
interest expanded. Figure 6.18 shows that the ti@m& in the Raman spectra between
the various waveguide structures and the bulk gksso greater than the variations
between two different areas of unexposed glass.Ridman spectra of GLS consists of
two broad bands located at 150 and 340" di6] making any structural variations
difficult to distinguish. We therefore propose theaty structural modifications that
occur are subtle, such as a bond angle changee Wexe also no significant variations
in the Raman spectra of fs laser exposed and userpregions in heavy metal oxide
glasses.[238]
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FIGURE 6.18 Micro-Raman spectra of waveguides emitht pulse energies of
1.75uJd and 1.26.J and two regions of unexposed glass. The top imbges
the position at which each Raman spectrum was taken

Energy dispersive X-Ray (EDX) measurements of tegion 1, region 2 and the
unexposed glass found no compositional variatiovéen these regions greater than

the system detection limit of around 1%.
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6.2.5 Waveguide transmission

Waveguide transmission measurements are used bdeegaimine the change in the
absorption band-edge of the waveguides compardalito glass. This can be used to
examine effects related to photo-darkening andwatentre formation.

Waveguide transmission measurements were made ths@rngetup shown in figure 6.5.
The output from a tungsten halogen, white lightrsewwas attenuated with an iris and a
neutral density filter before being collimated witto lenses and then modulated with a
mechanical chopper. The collimated white light beaas then coupled into and out of
the waveguides with a 10x microscope objective® dhided modes were then imaged
onto an iris and the selected guided mode was &tirgo a monochromator; the signal
was then detected with a silicon detector usingdsdied phase sensitive detection. In
order to correct for the spectral dependence ofvir@us optical components in the
system a transmission measurement of the bulk ¢lgs6.)) was made. Then using the
transmission measurement{(hk)) of the same sample, measured using the Vardag C
500 spectrophotometer, detailed in section 3.3.Lomection spectrum (&)) was
calculated using equation 6.8.

I ref (A)

W) =, o

(6.8)
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Chopp er 00 © -] [-]
controller Lock-in Amplifier

FIGURE 6.19 Waveguide transmittance measuremeunpset
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FIGURE 6.20 Transmission spectra of waveguidestewiin GLS at a depth
of 400um and a translation speed of 20®/s.

Figure 6.20 shows the transmission spectra of wadeg written at various pulse
energies. The measurements show a red shift ildhd-gap of around 15 nm for all
the waveguides. Femtosecond laser written waveguitdé\s,0Sgo glass also showed a
15 nm red shift of the band edge, [237] this waateel, by the Kramer-Kronig relation,
to a refractive index increase of 5X10The band-edge and refractive index ofSs
glass are approximately the same as GLS.[240] Ttwerdhe index variation in the
GLS waveguides in figure 6.16 that could be atteluto the Kramer-Kronig processes
is expected to be approximately 5%10The transmission spectra of the waveguide,
written at 0.21uJ/pulse, deviates from that of the sample by pepiinaround 720 nm,
as the pulse energy is increased the transmispictra of the waveguides matches that
of the sample more closely. This may be due to @edese in coupling efficiency at
longer wavelengths.

6.2.6 Waveguide optical loss

The attenuation of a waveguide is an important attaristic to be measured as the
requirement for most applications is for low loghere are several methods for
measuring waveguide loss; these include the soajterechnique,[260] cutback
method,[230] prism coupling,[261] comparison ofub@nd output power[34] and the
Fabry-Perot resonance method.[262] The scatteealgnique requires the measurement
of the intensity of scattered light coupled intoe thvaveguide as a function of
propagation distance. The relatively high refleityivof GLS and the relatively short
length of the waveguides meant that light refledtedh the waveguide end faces made
this method impractical. The cut-back method istrdesive and therefore unsuitable.
The prism coupling technique could not be used Umseahe waveguides are buried
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below the surface of the glass. The comparisonnpfiti and output power method
requires the estimation of coupling efficiency, alhicould be prone to error because of
the asymmetry of the waveguides.

Waveguide loss measurements were therefore takieg tise Fabry-Perot resonance
method,[262] with the experimental setup shownigare 6.21. By taking into account
reflections from its end faces the waveguide stmg&ctmay be regarded as a resonant
cavity. By varying the wavelength of the input ligbource the output will reach
periodic maxima @hay and minima (hin), defining (= Ima¥ Imin it can be shown[262]
that the loss coefficient of a waveguide can be calculated using equati®n 6

a:—lln[l\/?_lj (6.9)

L (Ry&+1

Where R is the reflectivity of the end faces ané lthe length of the waveguides. To
carry out the experiment a fibre coupled Photosefianics tuneable external cavity
laser was coupled into and out of the waveguideél ©Ox 0.25 NA objectives with the
output detected by a power meter. The guided mé@ach waveguide was found with
a CCD camera and any unguided radiation was bloekédan iris. The external cavity
laser was scanned from 1550 to 1550.5 nm in sté@s001 nm and the waveguide
output power plotted as a function of input waveln Error bounds were calculated
from the variance aof and the accuracy to which R was known.
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meter fﬁ]‘r’;’jf e | TS
— OREC —
| 10X 10X 10X
Iris
’_’ CCD
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FIGURE 6.21 Waveguide loss measurements using aeyHPerot resonance
method.
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Figure 6.22 shows an example of a Fabry-Perot wtach shows a relatively clean and
undistorted scan with regular maxima and minimais Tihdicates that a fundamental
mode has been excited, although it does not cortfiahthe waveguide is single mode
at 1550 nm. The slight periodic variation of thexin@a and minima may indicate the
presence of a higher order mode although it isthotight to be significant enough to
interfere with the measurement. The Fabry-Peratcefivas not observed in waveguides
written at pulse energies > OB, this is attributed to their large cross-sect@waa
which makes them highly multimode. In order to restie the loss of these waveguides
the comparison of input and output power method thasbest remaining technique.
The loss of waveguides written at pulse energie$. 0% and 1.2GJ was required for
spectral broadening measurements in section 6.4.cdloulate the loss of these
waveguides a lens matched to the NA of the wavesgdas used to couple a 1550 nm,
200 fs pulse width laser source (see section 6idtd)the waveguides. The numerical
aperture of the fabricated waveguides can be estiafeom equation 6.10[263]

NA=+/2nAn (6.10)

From theAn calculated in section 6.2.3 the NA of waveguidesten at 1.75 and 1.26
wl/pulse was 0.18 and 0.19 respectively. Theretoeedt1l NA lens used to couple into
the waveguides was within the acceptance coneeofvMdveguides. By measuring the
power coupled into and out of the waveguides, th&mng into account reflections from
the end faces, losses of 1.7 and 1.6 dB/cm wecelleaéd for the waveguides written at
1.75 and 1.26J/pulse respectively. This estimate is a maximumesit assumes 100%
coupling efficiency, however the relatively low $osalculated indicates that the actual
coupling efficiency is close to 100%.
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FIGURE 6.22Fabry-Perot scan of a waveguide written withOzg6
wJ/pulse and 5Qm/s translation speed.
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Figure 6.23 shows the loss measurements, takenthdthsetup in figure 6.21, of the
waveguides in the GLS sample as a function of pelsergy at various translation
speeds. For waveguides written at 200 angusls, an apparent optimum pulse energy
was reached at 0.32 and 0.3@/pulse giving a loss of 2.08 and 1.47 dB/cm
respectively. However for waveguides written at 1@9's there is no apparent optimum
writing pulse energy, this may have been becauseobhe waveguides was damaged
or written through a flaw or crystal in the gla¥¢¥e propose that the optimum writing
parameters occur because at higher pulse energieage occurs to the glass which
increases loss. At the lowest pulse energy a B-tyaeeguide is formed, this indicates
that B-type waveguides have a higher intrinsic kbss A-type waveguides. The higher
loss of B-type waveguides may be caused by the rlowdex change in these
waveguides, see figure 6.16 and 6.17. This wouldnrteat the guided mode is not as
tightly confined to the waveguide structure and rbayattenuated by scattering centres
in the bulk glass. A similar dependence of wavegudaks on writing pulse energy was
observed in fs laser written waveguides in erbiurpat oxyfluoride silicate glass,[264]
this was attributed to a similar effect.

As discussed earlier as the writing pulse energgdseased further to 1.75 and 1,26
the loss appears to fall again. This is attributethe very large cross-section of these
waveguides which could mean that guided light is canfined to damaged regions of
glass. The minimum reported loss in this work gf71ldB/cm compares to minimum
losses in fs laser written waveguides of 1.0 dBionaluminosilicate glass,[259] 0.8
dB/cm in fused silica,[265] 0.25 dB/cm in phosphalass,[266] and 0.8 dB/cm in
heavy metal oxides glass[238]. It is believed thatloss reported in this work could be
improved by further optimisation of pulse energy acan speed, using double pulse fs
lasers[265], astigmatically shaping the writing imeto reduce the asymmetry of the
waveguide cross-section[266] and annealing to reduny internal stresses in the glass.
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FIGURE 6.23 Waveguide losses in the GLS sample ametion of writing
pulse energy at various translation speeds. Lires guide for the eye.

Figure 6.24 shows the loss measurements of thegu@es in the GLSO sample as a
function of pulse energy at various translationesjfse Similarly to the GLS sample an
apparent optimum is reached at 0{2Hpulse and 10Qm/s translation speed giving a
loss of 7.8 dB/cm. This optimum loss is far highlean the optimum loss in the GLS
sample and for the same writing parameters thee$ase far higher. This difference is
unexpected as the absorption coefficients of GL8 &wLSO at 1550 nm are very
similar. The difference is attributed to the redctin tunnelling rate in GLSO
predicted by equation 6.18. Calculation of the wllmg rate requires further
investigation.
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6.3 Discussion of waveguide formation mechanism

In this section the observed waveguide structuie r@fractive index change profile
presented in section 6.2.2 and 6.2.3 are discuasddanalysed in terms of formation
and non-linear absorption mechanisms.

6.3.1 Waveguide asymmetry

The inherent asymmetry of the A-type waveguidesictcdae explained as follows:
perpendicular to the propagation direction (y axitthe writing laser the waveguide
dimension (L) is given approximately by the beam focal diamétey,

L, = 2w, (6.11)

while along the propagation direction (z axis) Weveguide dimension (). is given by
the confocal parameter b,

L, =b:% (6.12)

wherewy is the focus waist. This results in a large défere in the waveguide sizes in
the two directions.[266] Given that the focus waisthe 800 nm beam used to write the
waveguides was around pin, this corresponds toyl= 2 um and l; = 8 um. These
dimensions do not correspond to either the A oyftwaveguides, however the aspect
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ratio is similar to A-type waveguides and the digiens are much closer (although still
roughly half) to those of the central region of theype waveguides. Therefore further
explanation of the waveguide structure is required.

6.3.2 Self focusing and plasma defocusing

The phenomenon of self focusing, otherwise knowrKeas lensing, is a result of the
intensity dependent non-linear refractive indexegivn equation 6.13[267]

n=n,+n,l (6.13)
Where g is the linear refractive index;1is the non-linear refractive index and | is the
laser irradiance. A Gaussian beam that is moreggt@t its centre than at its edges will
experience a larger index change at its centréhescoeam effectively passes through a
graded index lens which focuses the pulse. As tiveep of the laser pulse is increased
further the self focusing becomes stronger untgé@ne point it overcomes diffraction
and the pulse undergoes a catastrophic collap$,f&@ figure 6.25(a). Given no other
stabilisation mechanisms the beam is expectedrto fosingularity.[17, 269] However,
in reality, as the pulse self focuses and the gitgnrises it eventually becomes
sufficient to non linearly ionize electrons prodwugian electron gas or plasma. This
plasma contributes a negative refractive index gbamhat prevents further self
focusing.[18] The complex refractive index variatidn the created plasma is
quantitatively described by means of the laser ¢eduplasma index modulationrgy)
in equation 6.14[270]

2 e’r, ((1—w3re3) +i(w?r,” +wr,)
Anpl :n—
0

m, w w'r,' +1

t
JNO exp(jon(E)dt) (6.14)
e
Wherert, is the free electron collision time, is the laser angular frequencyy N the
initial plasma density, mis the electron mass, e is the electronic changlenéE) is the
probability per unit time for an electron to undern ionising collision. The realisation
of the dynamic equilibrium between self focusingdaplasma defocusing is a
phenomenon known as filamentation. Filaments dftligre robust light guides that are
self confined without requiring a waveguide.
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FIGURE 6.25 lllustration of self-focusing (a), phas defocusing (b) and a
numerical simulation of filamentation (c).[17]

It can be shown that, as a result of the intertsityendent index, self-focusing exhibits
a power threshold rather than an intensity thresihyl considering a collimated beam
with sufficient power to self focus inside a traasgnt material. If the diameter of the
laser beam is doubled, the laser intensity dropa ffgctor of four resulting in a four-
fold reduction of refractive index change. Howeutie area of the self focusing lens
has also increased by a factor of four. This ineeda area compensates for the decrease
in refractive index change, giving the same refvacpower.[18, 271] The power for
critical self-focusing (B) can be calculated using the expression given by

Marburger[18, 272]

2
P = 3774 (6.15)
8myn,
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GLS has g and n of 2.41 and 2.16xIH cnf/W respectively[240] which gives.P=
1.84 kW. This compares toiR2 1.5 MW calculated for borosilicate glass.[271]eTh
irradiance required for the optical breakdows)(bf most dielectrics is around 1xX£0
W/cnt.[238, 268] Assuming thatd for GLS is comparable to that of other dielectrics
the relation d,= Pu/no,’ allows an estimation of the maximum focus waisteptable
to induce optical breakdown without critical sedfising occurring, which gives a
focus waist of 242 nm. This is much smaller tham dbtual focus waist inside the glass
and indicates that the self focusing thresholdowelr than the optical breakdown
threshold. The inability to obtain material modéfion without self-focusing presents a
problem for the formation of symmetric waveguidé€ee new beam waist produced by
self-focusing is expected to be at a distandeom the original focus point.[220]

_ 2Ny

= ot (6.16)
0614,/P/P,

Z

Where oy is the focus beam waist and P is the laser poWwee. lowest pulse energy
used, 0.211J, corresponds to a peak power of ~ 1.4 MW whictuin corresponds tag z
of ~ 1 um. This indicates that self focusing should caitsie khange in the position of
the focus waist even at the lowest pulse energis iBlconfirmed by the observation of
no change in the focus waist position with varygse energy.

In order to avoid self-focusing a longer wavelengthild be used to increase the power
for critical self-focusing, see equation 6.15. Besma the threshold for optical
breakdown depends on laser intensity and the tblédbr self-focusing depends on
laser power, tighter focusing of the beam may altbevintensity for optical breakdown
to be reached before the critical power for setfufsing. However it is unclear whether
non-linear absorption will occur at longer waveldrggand the high refractive index of
GLS limits the focus waist that can be achievedpdssible way of avoiding the
inherent asymmetry of waveguides, that happens wh#riocusing occurs would be to
use parallel writing geometry. In parallel writiggometry the sample is translated in a
direction parallel to the propagation directiontbé writing laser beam. This method
has been used to fabricate symmetric waveguidesluminosilicate glass,[259]
phosphate glass,[236] silicate and borosilicatesgyJ&0] This method is therefore
proposed as further work. However, the length &f thaveguides may be limited
because of the linear absorption of the fs pulaeithbelieved to occur before it reached
a focus, as discussed in section 6.2.1. Anotherhodetto fabricate symmetric
waveguides could be to use two writing beams amn féthe waveguide from a
densified region in-between the writing beams.

6.3.3 Refractive index change

The physical origin of refractive index change proed in glass by fs laser exposure is
not well understood. [50, 273] It is assumed timathe focal spot local rapid heating
occurs. Heating the glass and freezing it whileédgtaperature is still high could produce
a lowering of the refractive index.[50] Is has bgwaposed that the plasma induced by
a fs pulse in glass expands rapidly, creating &lsinave or micro-explosion.[274] This
shockwave could compress the glass and increageftaetive index.
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A rapid quenching model has been proposed to expraiex modification in glasses
after fs laser exposure.[275] This model assumats #iter a high temperature plasma is
formed by the laser pulse it cools rapidly, fregzihe glass in the same structure that it
had at high temperature. The temperature at whiglass structure becomes frozen is
called the fictive temperature §T The concept of fictive temperature was propdsgd
Tool[276] who suggested that, depending on theieggolate, glass has a frozen in
structure that corresponds to some temperature fifiere temperature) of an
equilibrium liquid.[277]

In silica glass fs laser exposure induces a pe@sitMex change [50, 263] which is
explained by the rapid quenching model as rapidigrgghed silica is known to have a
positive index change.[41, 277] In phosphate glssiBser exposure induces a negative
index change[236] which is explained by the rapigtriching model because rapidly
qguenched phosphate glass is known to have a negaiilex change.[236] Negative
index change after fs laser exposure has also dessgrved in borosilicate, heavy metal
oxide and lanthanum-borate glasses.[273] The depwedof refractive index on fictive
temperature has not been measured in GLS. Howsirare¢ measurements in section
6.2.3 indicate that fs exposure of GLS can resuliainegative index change it is
proposed that the refractive index of GLS has aatieg dependence on fictive
temperature; in other words the higher the tempeeaGLS is rapidly quenched from,
the lower the resulting refractive index will belsg according to the Lorenz-Lorentz
relationship, compaction increases and expansiaedses the refractive index of
glasses.[278, 279]

Other authors have suggested a colour centre modekplain index modification in
glasses after fs laser exposure.[50, 221, 280] Miadel stipulates that fs laser pulses
introduce defects called colour centres in suffitibumbers and strength to alter the
index through a Kramers-Kronig mechanism. Wavegurdasmission measurements,
see section 6.2.5, indicate that the maximum incleange due to a Kramers-Kronig
mechanism in fs laser written GLS waveguides isx305 which is a factor of 20
smaller than the index change measured by QPMdtiose6.2.3. This indicates that
colour centre formation does not play a significesit in the index modification of fs
laser written GLS waveguides.

Positive index change resulting from densificati@ms been attributed to many fs laser
written waveguides in glasses[238, 273, 280, 2Baker induced compaction of GLS
glass has been shown to result in a positive irahenge,[282] which has been related
to the rather open three-dimensional structure lo$ @&at can be rearranged to a more
compact structure by laser exposure.[278]

Based on the above discussion it is proposed lieabégative index change of region 1
in A-type waveguides is the result of it havingighhfictive temperature; the positive
index change of region 2 in A-type waveguides erdsult of densification. Because of
the lower intensity used in their formation, thespiwe index change in B-type
waveguides may simply be analogous to the positidex change observed in CW, UV
written waveguides in GLS.[282]
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The maximum observed index change of ~ 0.01 imderl written waveguides in GLS
(this work) compares to 0.08 in #/8 glass[258], 3.5x18in silica glass [50] and 4x10
in borosilicate glass[50]

6.3.4 Waveguide formation mechanism

The form and structure of B-type waveguides indisathat they are formed by
filamentation. However, as the pulse energy isdased and type-A waveguides are
formed filamentation is no longer observed. Thidiéates that there is a threshold at the
transition between the formation of B-type and Adywaveguides @) where a large
increase in plasma density breaks the equilibrilgtwben self focusing and plasma
defocusing; ka is estimated to be around QuZ/pulse.

This indicates, along with the guided mode ancertibn optical micrograph findings in
section 6.2.2 and the discussion of index modificain section 6.2.3, that the A-type
waveguide structure is formed by a similar mechanihat occurs in phosphate
glass[236] and sodium calcium silicate glass[27B6]these glasses the fs laser beam
induces a modified region in its focal volume thais a lower density and refractive
index than the initial glass; this exposed regiach mbt guide light and it was only
regions peripheral to the exposed region that guldght. It is therefore proposed that
region 1 was formed by exposure to the focuseddsrl beam where a high density
plasma was formed. The waveguide structure thatedgtguides light (region 2) was
formed by movement of glass from the fs laser egdoggion in a shock wave that
resulted in a region of higher density and higleéractive index. The B-type waveguide
structure was formed through filamentation andglaesma density was not high enough
to induce a negative refractive index change. Tinesehanisms for the formation of A-
type and B-type waveguides are illustrated in fg@r26.

+An/n,Aviv

-An/n,+Aviv
(region 1) /

+An/n,-Aviv
(region

A-type B-type

FIGURE 6.26 Waveguide formation mechanism in GLSuake energies >
~0.2pd/pulse (A-type) and GLS at pulse energies < t0/@ulse (B-type).
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6.3.5 Non-linear absorption

Several mechanisms for nonlinear absorption ofuilsgs have been considered in the
literature; the principal ones are multiphoton gation (MPI), tunnelling and avalanche
ionisation.

<1 1~1 y>1
(tunnelling) (intermediate) (MPI)

|
|
<
2|

(@) (b) (c)
FIGURE 6.27 Schematic diagram of the photoionisatad an electron in a

Coulomb well for different values of the Keldyshrameter leading to tunnelling
(a), an intermediate scheme (b) and multi-photoisation (c); after [18].

In tunnelling ionisation, the high electric field the laser pulse deforms the Coulomb
well that binds a valence electron to its pareotatif the electric field is strong enough
the Coulomb well can be deformed enough that thenbaelectron tunnels through the
short barrier and becomes free, as shown in figu2&(a). In a solid the electron is
promoted from the valence to the conduction baather than ionised.[18] In multi-
photon ionisation (MPI), shown in figure 6.27(cyalence electron is promoted to the
conduction band via the simultaneous absorptioseetral photons having satisfied the
condition that the number of photons absorbed {m¢g the photon energy is equal to
or greater than the band-gap of the material.[h&hE intermediate case tunnelling and
MPI occur simultaneously, as shown in figure 6.27{the ionisation rate in the multi-
photon ionisation regime (M¢) is given by equation 6.17[50]

W =0 1™ (6.17)

Whereon, is the multi-photon absorption coefficient for aggtion of m photons and |
is the laser intensity. The ionisation rate in thenelling regime is given by equation
6.18[283]
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WhereQ is the laser frequency, & is the reduced effective mass,is the bandgap
energy which is 2.28 eV for GLS and 2.48 eV for @,R40] e is the electron charge
and E is the peak electric field intensity. Theusetl effective mass is related to the
effective mass in the conduction bandc(rand valence (@ band, which are both
assumed to be equal to the free electron masg/bysq = 1/ m+ 1/m,.

Free carrier o
absorption Impact
ionisation

FIGURE 6.28 Schematic diagram of avalanche iorasatafter[18].

Avalanche ionisation involves free carrier absanptiollowed by impact ionisation. In
free carrier absorption, illustrated in the lefihphof figure 6.28, an electron already in
the conduction band moves to higher energy statébe conduction band by linearly
absorbing several laser photons sequentially.[18¢eOthe electrons’ energy exceeds
the conduction band minimum by more than the baajl-gnergy, the electron can
collisionally ionise another electron from the vade band such than both electrons end
up in the conduction band;[18] this is illustratedthe right panel of figure 6.28. As
long as the laser field is present, the electrarsiy (N) due to avalanche ionisation in
the conduction band grows according to[284]

N N (6.19)

where o, iS the avalanche ionisation coefficient and |he taser intensity. Thus the
total ionisation rate is given by[18, 248, 285]
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A=W, (1,0.0) +al ON - W, (6.20)
Where W, is the photoionisation rate, generalised for eithelti photon absorption or
tunnelling, and W,ss is the loss rate due to electron diffusion andnégination. It has
been proposed by several authors that avalancligatam is of little importance in the
absorption of sub-picosecond pulses in transpareterials.[50, 285, 286] However,
other authors have proposed that it does[18, ZB4grefore, in the absence of another
explanation, it is proposed that the expected rapitease in plasma density that breaks
down the dynamic equilibrium between self focusimgl plasma defocusing (discussed
in section 6.3.2) and causes a transition from petio B-type waveguides is instigated
by avalanche ionisation.

In order to determine whether MPI or tunnelling doate the nonlinear absorption the
Keldysh parameteny) can be calculated using equation 6.21.[50, 288, 287]

Q—meedA (6.21)

YT e
Fory>1 MPI is dominant, foy < 1 tunnelling is dominant. The waveguides in\gztied
in this study were written with pulse energies &fl0to 1.74uJ which corresponds to a
Keldysh parameteryf of 0.11 to 0.04; this indicates that tunnellingsmhe dominant
nonlinear absorption process in the formation btre waveguides investigated in this
study.
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6.4 Spectral broadening

6.4.1 Introduction

Optical communication channel rates exceeding 4@/$are difficult to achieve with
high speed electronics. Higher channel data rate$00 Gbit/s) require optical time
division multiplexing (OTDM) solutions. Such OTDMystems rely on all optical
switching (AOS). Ultra-fast optical switches requa highly nonlinear material with an
extremely fast response time.[35] The nonlinearemal in an ultra-fast optical switch
is typically required to produce a nonlinear phakdt nearn rad, with a switching
energy E of less than 1 pJ, while maintaining a low l0s5,[388] This section details
the spectral broadening of 1550 nm 200 fs puls€3Li8 waveguides and demonstrates
that these waveguides may have applications for A@@ications.

6.4.2 Experimental setup
XYZ XYZ XYZ Tris XYZ

ND filter

OPA 9800 i |
1.1-2.4 um, —ﬂf Ol
200 fs 10X 10X | 10X

800 nm | (150 fs)

o RegA 9000

wJ, 750-850 nm

Verdi V18 O
532 nm (CW)

00 0 0 ©O -]

OSA
é é Mira
nJ, 700-980 nm
Verdi V10
532 nm (CW)

FIGURE 6.29 Schematic of the experimental setupl usemeasure ultra short pulse
broadening in GLS waveguides.

Figure 6.29 shows the experimental setup used #® tapectral broadening
measurements. The operation of the Coherent Re§A 80described in more detail in
section 6.2.1. The output of the Coherent RegA 9088s coupled into a Coherent
optical parametric amplifier (OPA) 9800 which hasuaing range of 1.1 to 2.4m,
producing pulses with a duration of around 200listhe OPA 9800 J seed pulses
from the RegA 9000 are split into two beams. Onanbés used to produce white light
continuum seed pulses from a sapphire crystaletlaee then amplified by a phase
matched3 barium borate (BBO) OPA crystal pumped by the ptleam from the RegA
9000. The pulse energy of the output from the OR waried with a variable neutral
density filter then the average power was measwidd a Coherent Powermax PM10
thermal power meter head. The beam was coupledhetavaveguides with 0.1 or 0.25
NA objective lenses, and then coupled out of theegaides with a 0.25 NA objective
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lens. The guided modes were isolated with an entcoupled into a single mode silica
fibre with a 0.1 NA lens and a 0.25 NA objectivade The beam was then detected with
an Ando AQ6315A optical spectrum analyser (OSA)cokhhad a detection range of

350 to 1750 nm and was set to a resolution of 5 nm.

Measurement of the beams’ average power beforast supled into the waveguides,
i.e. the power incident on the waveguide,dPwas found not to accurately represent
the power coupled into the waveguides. This is beedhe NA, cross section area and
asymmetry of the various waveguides examined vatfad in turn varied the coupling
efficiency of the waveguides considerably. Therefdrwas decided to measure the
output power from the waveguides,(P The power coupled into the waveguideg)(P
was estimated fromyR by taking into account reflections from the wavielgls output
end face and the loss of the waveguide. The wadegosses are calculated in section
6.2.6. Since the beam shifted in wavelength ancddeoed after passing through the
waveguides it was decided to calculate the outpwtep from the waveguide output
spectra Ju{A) from the OSA. This is because the available poweters required
calibration to one particular wavelength and thag h lower sensitivity than the OSA.
Pout was calculated from the ratio of the number oftphe in b,(L) to the number of
photons in a spectrum of the laser beam that hacgassed through the waveguides
(Iref(A)) which had a power measured with a thermal paweter (R.). The number of
photons (n) detected at a particular wavelengthprigportional to the measured
irradiance I{) multiplied by the wavelengthl\), therefore R, was calculated with
equation 6.22.

A (yda

Pou - I:>re (622)
CT gy

As illustrated in figure 6.30 J2 was found to be a very nearly a linear functiorPgf,
indicating that no two photon absorption was odogtr Taking into account the
reflectivity (R) of GLS, which was 0.1632, and thepagation loss of the waveguides
("), Pn was calculated using equation 6.23.

P o= ou (6.23)
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FIGURE 6.30 Output energy as a function of inpuergy for a
waveguide written with a pulse energy of 1.28 The high linearity
indicates negligible two photon absorption.

6.4.3 Broadened spectra

Figure 6.31 shows the spectra of 1540 nm laserepulwith a 200 fs duration, after
passing through 12 mm of GLS fs written waveguakea function of the pulse energy
coupled into the waveguide. The waveguide was @ritvith a pulse energy of 1.789
and a translation speed of 20@/s and had a cross section size of ~ 100x8800.25
NA objectives were used to couple the beam into aat of the waveguide. The
spectrum of the laser beam before it had passedighrthe waveguide is also shown.
At pulse energies up to 4.7 nJ the output specisuvery similar to the input spectrum
except for a small blue shift in peak position. 8.8 nJ/pulse the peak position is red
shifted and at 31.3 nJ/pulse the spectrum changemsatically from a peak still
resembling the input spectrum to a very broad alrflasspectrum. As the pulse energy
is increased further broad double peak spectrdoaneed with one peak at roughly the
same position as the input spectrum and the othesharter wavelengths. The long
wavelength and short wavelength peaks are reféorad peak 1 and 2 respectively. The
apparent decrease in signal to noise ratio withegging pulse energy is believed to be
related to the broadening mechanism.
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FIGURE 6.31 Spectra of 1540 nm 200 fs laser beaupled into an 12 mm GLS
waveguide, that was written with a pulse energ¥.@bpJ, as a function of input beam
pulse energy.

Figure 6.32 shows the peak positions and full widthalf maxima (FWHM) of the
spectra shown in figure 6.31, error bars for wavgilh and pulse energy were estimated
from the resolution of the OSA and the power meéspectively. The figure indicates
that at ~ 20 nJ/pulse there is a red shift in pgadition of around 40 nm. The FWHM
remains at a relatively constant 50 nm up to aegatgergy of ~ 30 nJ/pulse where there
is a relatively sudden increases in FWHM to ~200 Asithe pulse energy is increased
further, FWHM falls. This is attributed to the emence of a slightly asymmetric
double peak structure. At pulse energies > ~ 3putgké, a double peak structure is
evident with peaks at ~ 1570 and 1460 nm.
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FIGURE 6.32 FWHM and peak position of spectra givenfigure 6.31. The
FWHM is attributed to the left vertical axis anatpeak positions are attributed to
the right vertical axis.

Figure 6.33 shows the spectra of 1540 nm laserepulgith a 200 fs duration, after
passing through 12 mm of GLS fs written waveguakea function of the pulse energy
coupled into the waveguide. The waveguide was @ritvith a pulse energy of 1.20
and a translation speed of 2Qfh/s and had a cross-sectional size of ~ 1004280
Comparisons with figure 6.31 firstly show that regipulse energies were coupled into
this waveguide, this is attributed to the highemsyetry and maximum index change of
this waveguide. Unlike the spectra in figure 6.3dloaible peak structure is evident at
the lowest pulse energy of 1.1 nJ. At 36.8 nJ/pthsedouble peak structure disappears
then reappears at 56.9 nJ/pulse. At 87 nJ/pulsasgmmetric triple peak structure is
evident. The triple peak is indicative of a 2.phase shift[267, 289, 290] and its
weighting towards the long wavelength side of themp is indicative of stimulated
Raman scattering (SRS).[35, 291]
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FIGURE 6.33 Spectra of 1540 nm 200 fs laser beaupled into an 12 mm GLS

waveguide written with a pulse energy of 1,26as a function of input beam pulse
energy.

Figure 6.34 shows the peak positions and full widthhalf maxima of the spectra
shown in figure 6.33. Compared to figure 6.32 therao significant peak shift of the
input spectrum. The onset of broadening occurs &0-nJ/pulse compared to ~30
nJ/pulse in figure 6.32. The onset of broadenirsp appears to be more gradual and
reaches a maximum of ~ 100 nm compared to ~220Time.triple peak spectrum at 87
nJ/pulse has peaks at ~ 1530 nm (peak 1), 158(@aak(2) and 1480 nm (peak 3). The
stronger broadening effect in the waveguide inrggb.32 is attributed to its larger cross

section which means that it could support more éigbrder modes, that may take
longer path lengths through the waveguide.
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FIGURE 6.34 FWHM and peak position of spectra giwreriigure 6.33 The
FWHM s attributed to the left vertical axis andetlpeak positions are
attributed to the right vertical axis.

The spectra in figure 6.35 are from the same waidegas in figure 6.33, except the
input wavelength is 1600 nm instead of 1540 nm..A RA, instead of a 0.25 NA,
objective was used to couple in the beam, thisnaltb a higher pulse energy to be
coupled into the waveguide. Similarly to figure 8.2 triple peak spectrum is observed
at 88 nJ/pulse indicating a z.Jhase shift, however it is more symmetric indiogti
that SRS is lower at this wavelength. Comparedgaré 6.33 the evolution of the triple
peak spectra is clearer.
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FIGURE 6.35 Spectra of 1600 nm, 300 fs laser beampled into an 11 mm GLS
waveguide, that was written with a pulse energy.@6 uJ, as a function of input
beam pulse energy.

Figure 6.36 shows the peak positions and full widthhalf maxima of the spectra
shown in figure 6.35. The onset of broadening cg@ir~90 nJ/pulse compared to ~60
nJ/pulse for the 1540 nm input beam. Broadeningsomeaments in 5Qm core diameter
GLS fibre and single mode, UV written, GLS wavegsdvere attempted but sufficient
pulse energies could not be coupled into these guagies to make a comparison with
the broadening observed in fs written waveguides.
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FIGURE 6.36 FWHM and peak position of spectra giwefigure 6.35.

6.4.4 Discussion of spectral broadening

6.4.4.1 Switching energy

Significant broadening was only observed in wavdgsiwritten at 1.75 and 1.36),
which had very large cross-sections. This is beedhe maximum coupling efficiency
that could be achieved with waveguides writtenoatdr pulse energies was up to 10
times lower than that achieved for the larger wanggs. This low coupling efficiency
is attributed to the lower NA, smaller cross-sewibarea and higher asymmetry of
waveguides written at lower pulse energies. Theekiwinput pulse energies for the
onset of peak shift and broadening are ~20 nJ wisiamuch higher than the sub pJ
pulse energy required for all optical switching Egations. However the switching
energy Ecan be calculated using equation 6.24[288]

E = CATA,

6.24
Y (6.24)

Where Asx is the effective cross-sectional area of the waidsg ) is the wavelength of
light, T is the switching pulse width (FWHM), C is a comdgtéhat depends on pulse
shape (0.56 for sech-shaped pulses) and L is theguéde length. The highyof GLS
indicates that it is a good candidate materialaiboptical switching applications. The
effective cross-sectional area of the waveguidesmaxed in this work could be
significantly reduced and their length could bengdigantly increased, this could bring
Es closer to that required for AOS applications.
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6.4.4.2 Self phase modulation

Self phase modulation (SPM) is a manifestation ha&f intensity dependence of the
refractive index in nonlinear media and leads te #pectral broadening of optical

pulses.[267] SPM is the temporal analogue of smtti§ing (see section 6.3.2). SPM
causes a phase shift between the peak of an optidsg and its low intensity leading

and trailing edges, resulting in the spectral bevaty of the pulse. The nonlinear phase
shift induced by SPM is given by[243]

274 n,P
Bopm =Tﬁﬂ (6.25)
Amod

Where B is the peak pulse power; 8 the nonlinear refractive index,méy is the
effective mode area andq.is the effective length, defined as

Ly = (6.26)

Wherea is the loss coefficient and L is the waveguidegtén For the maximum pulse
energy of ~ 100nJ, used in figure 6.35, and appnakng Ano.q to the cross-sectional
area of the waveguide, the phase shift calculasaguequation 6.25 ise- However,
the value of A.¢ may be an overestimate because the guided modenigned to
certain regions of the waveguide therefore the @lsadt calculated using equation 6.25
may be an underestimate.

The number of peaks and the extent of the broadeinimn SPM broadened spectrum
are dependent on the magnitude of the nonlineaseplshift and increase with it
linearly.[243] The oscillatory structure of the bdened pulses in figures 6.31, 6.33 and
6.35 are indicative of SPM. The maximum phase shjfx of an SPM broadened pulse
is given approximately by [267, 289]

7. = [M _%jn (6.27)

Where M is the number of peaks in an SPM broadepedtrum. Equation 6.27 and a
comparison with other SPM broadened spectra[260] 2@icate that the double peak
structure in figure 6.31 demonstrates anlphase shift, at 36 nJ/pulse, and the triple
peak structure in figure 6.33 and 6.35 demonstrat@sat phase shift, at 87 and 88
nJ/pulse respectively. These nonlinear phase stufispare to a maximum phase shift
of 1.6r and 3. in 2.03 cm[288] and 2.8 cm[35] long photodarkengidnar

G 255 75 glass waveguides respectively. The spectral badttvaf pulses broadened
by SPM Qwspw) is given by[246]

_Awy2m,P,L

Aw,,, = A (6.28)
ff
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WhereAwy is the bandwidth of the input pulse. For the maximpulse energy of 50 nJ,
used in figure 6.31, the bandwidth for pulses bered by SPM is ~100 nm, however
the observed bandwidth of the broadened pulse w20~nm. This extra broadening is
attributed to stimulated Raman scattering.

For pulse widths < 100 ps the combined effect olgrvelocity dispersion (GVD) and

SPM can become significant.[267] GVD causes a sholde of light to spread in time

as a result of different frequency components af flulse traveling at different

velocities.[267] An effect of the interplay betwe&@DV and SPM on the pulse

spectrum is to reduce the depth of the minima thatld be expected in a pulse
spectrum broadened by SPM alone.[267] This is ewide the spectra in figure 6.31,
but not in figure 6.33 and 6.35. A measurementeffulse width after passing through
the waveguides would provide more information oe #ffect of GVD, however this

measurement requires an autocorrelator which waswailable at the time. Therefore
pulse-width measurement is suggested as furthek.wor

6.4.4.3 Stimulated Raman scattering

Stimulated Raman scattering (SRS) is an importanilimear process that can be
exploited to construct broadband fibre based Ramraplifiers and tuneable Raman
lasers.[243] At low intensities, spontaneous Rarsaattering can transfer a small
fraction (typically ~10) of power from one optical field to another, whdssuency is
downshifted by an amount determined by the vibratimdes of the medium.[267] The
downshifted radiation is called the Stokes waves $pontaneous Raman effect is also
discussed in section 3.3.6. At high pump intersitlee nonlinear phenomenon of SRS
can occur in which the Stokes wave grows rapidsjde the medium such that most of
the pump energy is transferred to it.[267] The SJRBerated Stokes wave intensity |
for a CW, or quasi CW, condition is given by[243]

1(L) = 1,(0)exp(@, | , O)Ley = AoL) Loy = — (6.29)

Where L is the waveguide lengthl(Q) is the Stokes intensity at L=8s anda, are the
waveguides’ loss coefficients at the Stokes andpwavelengths respectivelyedis
the effective length, defined by, and g is the Raman gain coefficient. In general g
depends on composition and dopants in the wavegumdeerial and is inversely
proportional to pump wavelength.[243] For pulsethwiidths below 100 ps, the length
of the waveguide can exceed the walk-off length,defined as[267]

L

T
o (6.30)

w = -1 —
Vgp VQS

Where \jp and \s are the group velocities of the pump and Stokdsegurespectively
and T is the duration of the pump pulse.

The Raman threshold is defined as the pump powehith the Stokes power becomes
equal to the pump power at the waveguide outputufksng a Lorentzian shape for the
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Raman gain spectrum and a CW or quasi CW conditlencritical power R required
to reach the Raman threshold, to a good approxmais given by.[292]

p = 10Auw (6.31)
gr Leff

For the short pulse condition, equation 6.31 hpldssided the effective length is taken
to be: Left = VrLy.[267]

In silica fibre the SPM broadened pump spectra techroadened with an asymmetry
weighted towards the long wavelength end of the pgpectrum once the pump power
passes the Raman threshold. This is similar toetfeet observed at the highest pulse
energy in figure 6.33. It is therefore proposed ttee asymmetry of the triple peak
structure in figure 6.33 when the input beam wa4016m is cause by the peak power
exceeding the Raman threshold. The higher symnoétitye SPM broadened triple peak
structure, in figure 6.35, when the input beam W&680 nm indicates that the Raman
threshold was not reached in this case. This caaxpéained by examining equation
6.31 and considering that, ¢ inversely proportional to input beam wavelength,
therefore at longer input beam wavelengths the Ramashold will be higher.

6.4.4.4 Device applications

Two of the nonlinear optical devices, mentionedection 6.1.3, are considered here as
possible applications of the pulse broadening éffescussed in this section. Because
the birefringent properties of the waveguides hae¢ been studied, optical Kerr
shutters are not discussed here. The differentdemag behaviours observed for
waveguides written at different pulse energies datd that waveguide writing
parameters could be used to customise the broagi@noperties of a waveguide for a
specific application. The fabrication of passiveicgd components such as Fresnel zone
plates and fibre attenuators, as mentioned in@edil.2, has been demonstrated in
silica but not in a highly nonlinear glass such@sS, this is therefore suggested as
further work. The methods of waveguide fabricatpyasented in this chapter, could be
used to construct a ring resonator[293] which cobére applications as optical
filters[294] and all optical switching devices.[49Ehis is therefore suggested as further
work.

6.4.4.5 Mach-Zehnder interferometer switch

The operation of these devices is described inicged&.1.3.1; as discussed herer a
phase shift is required for the operation of theseices. Calculations, in section
6.4.4.2, indicate that a 2bphase shift was demonstrated with a 87 nJ pulker€efore

the phase shift demonstrated in these waveguidesioie than adequate for the
operation of a Mach-Zehnder interferometer switéhany of the Mach-Zehnder
interferometer (MZI) switches demonstrated so fae ua semiconductor optical
amplifier (SOA) to obtain a phase-shift. The slow relaxation time (severaldred

picoseconds) of the SOAs has been cancelled ousing a symmetric MZI switching
arrangement. In this switch, two SOAs, one in eaom of the interferometer, are
excited by short control pulses with an appropriate delay.[241] Switching times of
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1.5 and 8 ps have been demonstrated for symmetZis Msing InGaAsP [241] and

GaAs [296] SOAs respectively. The nonlinearity lnd IGLS waveguides is expected to
be characterised by a nearly instantaneous (fporee time.[247] This inherent high
switching speed means that MZI switches based of @iaveguides would not be

limited to a symmetric arrangement, as SOA based $vdiches are for high switching

speeds. The nonlinear FOM required for a MZI is 297] this indicates that GLS is

one of the few glasses suitable for a MZI, baseth@constraint.

6.4.4.6 2R regenerator

The operation of these devices is described inme6t1.3.3; this device relies on SPM
broadening of a signal pulse. Equation 6.28 intdgahat SPM bandwidth should
increase linearly with pulse energy, however, f@é:32 indicates a relatively sharp
threshold for the onset of broadening. The reasonhiis is unclear, but it indicates that
the transfer function for a device using this wavdg would have a closer to ideal
transfer function than a device using waveguided ttad a linear increase in SPM
broadening with pulse energy; an ideal transferction is a step increase in output
intensity with input intensity. 2R regenerators énddbeen demonstrated using 3.3 m of
silica holey fibre with a peak power x length protlof 0.13 W km[298] and in 2m of
bismuth oxide fibre.[28] The large broadening olisdrat 30 nJ/pulse in figure 6.32
indicates that a 2R regenerator based on thiscpéati GLS waveguide could operate
with a peak power x length product of 1.5 W km, lever this is expected to be greatly
improved by reducing the cross-sectional area ®@inthveguide.

6.5 Conclusions

A formation mechanism is presented for fs laserttemi waveguides in GLS glass,
based on optical characterisation and comparisonprévious work. Two different
forms of waveguide have been identified and arerrefl to as A-type and B-type. B-
type waveguides have a characteristic long narrouctsire and are formed through
filamentation. A-type waveguides have a charadierideardrop” structure, with a
central region (region 1) that has undergone athegeeflective index change through
exposure to the focused fs laser beam, and an mgem (region 2) that has undergone
a positive index change. A-type waveguides are éorat pulse energies > ~Qu2 and
B-type waveguides are formed at pulse energies.2 i) The negative index change,
in region 1, results from rapid quenching of a higimperature plasma formed by the fs
laser pulse which resulted in this region havirfggh fictive temperature. The positive
index change, in region 2, resulted from moveméigliass from the region 1 in a shock
wave, that resulted in a region with a higher dgnsind refractive index than
unexposed glass. Only region 2 was found to agtigelde light.

Tunnelling has been identified as the nonlineaogti®on mechanism in the formation
of the waveguides, by calculation of the Keldyshapaeter. Single mode operation at
633 nm has been demonstrated. The writing paramé&ethe minimum achieved loss
of 1.47 dB/cm are 0.3@J pulse energy and 50n/s scanning speed. A maximum index
change of 0.01 has been observed.

Spectral broadening, from an initial FWHM of 50 nta 200 nm, has been
demonstrated with a 1540 nm, 200 fs pulse, at sepethergy of 30 nJ, in a waveguide
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written at a pulse energy of 1.48. A change in peak position to 1580 nm was
observed at 20 nJ/pulse. A maximum phase shift.&f Bas been demonstrated at a
pulse energy of 88 nJ/pulse. The broadening has lm&ibuted to self phase
modulation, with an asymmetry in some of the broade spectra attributed to
stimulated Raman scattering.

The high nonlinearity of GLS makes it a promisingterial for nonlinear optical
devices. An interesting effect of this nonlineaigyhe spectral broadening presented in
this chapter. This broadening indicates that tiveseeguides may have applications in
nonlinear optical devices, such as a Mach-Zehnd&rferometer switch or a 2R
regenerator. However, the high nonlinearity of Ghk8strates the fabrication of
symmetric waveguides using fs pulses because tieshbld for critical self focusing
appears to be higher than the threshold for mateoaification.

6.6 Further work

Several methods for overcoming the inherent asymnudtfs laser written waveguides
in GLS have been proposed. These include usingylzehiNA objective, augmenting
the beam profile using a slit or cylindrical lensesing two writing beams and using a
parallel writing geometry. Several methods for ioyng the minimum loss have been
suggested. These include investigation of a greateye of translation speeds and pulse
energies, using a double pulse fs laser to wrigewthveguides, varying the wavelength
of the writing beam and annealing the sample aftaveguide writing. Impressive
spectral broadening was restricted to highly mwte waveguides, written at high
pulse energies. Coupling sufficient pulse enerdg ismaller waveguides in order to
observe spectral broadening is suggested as funtbel. A method for achieving this
could be to use a tapered fibre to couple into waeguide. Fabrication of other
structures such as Fresnel zone plates and rimpaes's is also suggested as further
work.
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Chapter 7

Summary and further work

7.1 Chalcogenide glasses

Chalcogenide glasses transmit to longer wavelengthise IR than silica and fluoride
glasses, they also often exhibit a low phonon enetigis allows the observation of
certain transition in rare earth dopant that areatiserved in silica. The low phonon
energy of chalcogenides can be thought of as ieguitom the relatively large mass of
there constituent atoms and the relatively weakdbobetween them. Chalcogenide
glasses have a nonlinear refractive index aroura dvders of magnitude higher than
silica. This makes them suitable for ultra-fasttshing in telecommunication systems.
The glass forming ability of gallium sulphide andnthanum sulphide (GLS) was
discovered in 1976 by Loireau-Lozach al. GLS glasses have a wide region of glass
formation centred about the 706 : 30LaS; composition and can readily accept
other modifiers into their structure. This meansttlGLS can be compositionally
adjusted to give a wide variety of optical and pbgkresponses. GLS has a high
refractive index of ~2.4, a transmission window~@.5-10um and a low maximum
phonon energy of ~425 ¢m They also have a high dn/dT and low thermal
conductivity, causing strong thermal lensing, thhesy are not suitable for bulk lasers.
However, the high glass transition temperature b5Gnakes it resistant to thermal
damage, it has good chemical durability and itssgl@omponents are non-toxic.
Because of its high lanthanum content GLS has kxtetare-earth solubility. This
property motivated much of the original interes@@hS in the quest for a rare-earth host
for solid state lasers.

7.2 Vanadium doped chalcogenide glass

Vanadium doped GLS (V:GLS) was optically charasetito investigate its suitability
as an active material for an optical device. Absormp measurements of V:GLS
unambiguously identified one absorption band atOlhéh, with evidence of a spin
forbidden transition around 1000 nm, and two furthigher energy absorption bands
that could not be resolved. Derivative analysishef absorption measurements clarified
the identification of the spin forbidden transitiamd was able to resolve the second
highest, but not the highest, energy absorptiordzry50 nm. PLE measurements were
able to resolve all three absorption bands, peakintyl60, 760 and 580 nm. However
there was a preferential detection of ions in lowystal field strength sites. XPS
measurements indicated the presence of vanadiuanbimmad range of oxidation states
from V' to V°*. Excitation into each of the three absorption saptbduced the same
characteristic emission spectrum, peaking at 1500wmith a FWHM of ~500nm. The
decay lifetime and decay profile were also the sahiés was a strong indication that
only one of the vanadium oxidation states was nesipde for the observed absorption
bands. The quantum efficiency of 0.0023 % V:GLS wa3 %. Out of the possible
vanadium oxidation states, only*Vand \** is expected to exhibit three spin allowed
transitions. Tanabe-Sugano analysis indicatesatibf the possible configurations of
coordination and oxidation state only tetrahedral ¥hd octahedral & had a crystal
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field strength in the expected low field region. tOCaf these configurations only
octahedral ¥* had a C/B value in the expected range of 4-5. ddwiguration of the
optically active vanadium ion in V:GLS is therefqrmposed to be octahedral’VThe
crystal field strengths (Dg/B) calculated from afpgimn measurements of V:GLS and
V:GLSO are 1.84 and 2.04 respectively.

Lifetime measurements of V:GLS found that the demag non exponential and at low
concentrations could be modelled with the stretalegonential function. Analysis of

the coefficient of determination of stretched ammulole exponential functions and

results from a continuous lifetime distribution bsés of the emission decay, at various
vanadium concentrations, indicated that at coneéintts < 0.1% there was one lifetime
component centred ~30 us. At concentrations >\Wdllifetime components centred ~
30 us and 5 ps are present. This was argued taused by a preferentially filled, high

efficiency, oxide site that gives rise to charaster long lifetimes and a low efficiency

sulphide site that gives rise to characteristiaslietimes.

Comparisons of theent product of V:GLS to that in other laser materialdicates the
best possibility for demonstration laser action MnGLS is in a fibre geometry.
Modelling of laser action an a V:GLS fibre is natepented because the number of
assumptions to be made about such a device isréad. g

Unlike rare earth ions the optically active orlstalf transition metals are not shielded
from the surrounding glass ligands. Because ofttiesoptical properties of transition
metal ions in glass is strongly affected by thealdwonding environment experienced by
the ion, including the ligands nature, distancenfriie ion, coordination and symmetry.
This fundamental difference with rare earths matkassition metals less suitable for
active optical devices in certain respects. Howetles means that the optical
characterisation on transition metals can be usetktuce more information about the
local bonding environment in the glass; which, negaoptical device applications,

justifies characterisation of transition metal dopgass.

7.3 Titanium nickel and bismuth doped chalcogemgidss

Absorption measurements of Ti:GLS identified asabtion band at ~500-600 nm that
could not be fully resolved because of its proxymio the band-edge of GLS. At
concentrations of 0.5% and greater a shoulder @06-hm is observed, there is also a
weak and broad absorption centred at around 1800 Tme second derivative
absorption spectra identified an absorption peal®& nm in Ti:GLS but not in
Ti:GLSO, absorption peaks at 615 and 585 nm ase @lentified for Ti:GLS and
Ti:GLSO respectively. The excitation spectra of G litanium doped GLS and GLSO
both show a single excitation peak at 580 nm Théssion spectra of Ti:GLS and
Ti:GLSO both peaked at 900 nm. It is proposed that absorption at ~600 nm in
Ti:GLS and Ti:GLSO is due to th&T,;—E, transition of octahedral i and the
absorption at 980 nm in Ti:GLS is due td"TTi** pairs. The 97is emission lifetime of
Ti:GLSO compares very favourably to the lifetime ©iSapphire of 3.1us. The
optimum doping concentration for an active deviesdd on Ti:GLSO may be lower
than the lowest concentration of 0.05 % molar itigased in this chapter.
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The absorption of Ni:GLS is characterised by a-gkit of ~ 300 nm in the band-edge
indicating a nickel absorption in the region 50@8®m. There is also a very weak
absorption peaking at ~1500 nm. The excitation tspeaf Ni:GLS indicate a single
absorption band centred at 690 nm. It is propolsatithe 690 nm absorption of Ni:GLS
is due to Nfi in octahedral coordination. The weak absorptior2i00 nm is attributed
to small amounts of Niin tetrahedral coordination. The photoluminescespectrum
peaks at 910 nm with a FWHM of 330 nm. The lifetintd Ni:GLS and Ni:GLSO are
28 and 7Qus respectively.

A weak shoulder can be observed at ~850 nm in th@éLS absorption spectrum.
Further identification of bismuth absorptions canhe made because dark patches in
the sample were detrimental to its absorption. &twtation spectrum of Bi:GLS shows
peaks at 665 and 850 nm Based on comparison$i¢o work the absorption peaks for
Bi:GLS at 665 and 850 nm are attributed to #g-'D, and*Py—°>P; transitions of Bi.
The emission decay of Bi:GLS consisted of two iifet distributions centred at 7 and
47 ps. The demonstration of lasing in bismuth dopednalosilicate glass makes
development of a Bi:GLS laser more favourable.

7.4 Femtosecond laser written waveguides in chalcalg glass

A formation mechanism is presented for fs laserttemi waveguides in GLS glass,
based on optical characterisation and comparisonprévious work. Two different
forms of waveguide have been identified and arerrefl to as A-type and B-type. B-
type waveguides have a characteristic long narrouctsire and are formed through
filamentation. A-type waveguides have a charadierideardrop” structure, with a
central region (region 1) that has undergone athegeeflective index change through
exposure to the focused fs laser beam, and an mgem (region 2) that has undergone
a positive index change. A-type waveguides are éorat pulse energies > ~Qu2 and
B-type waveguides are formed at pulse energies.2 i) The negative index change,
in region 1, results from rapid quenching of a higimperature plasma formed by the fs
laser pulse which resulted in this region havirfggh fictive temperature. The positive
index change, in region 2, resulted from moveméigfiass from the region 1 in a shock
wave, that resulted in a region with a higher dgnsind refractive index than
unexposed glass. Only region 2 was found to agtigelde light.

Tunnelling has been identified as the nonlineaogti®on mechanism in the formation
of the waveguides, by calculation of the Keldyshapzeter. Single mode operation at
633 nm has been demonstrated. The writing paramé&ethe minimum achieved loss
of 1.47 dB/cm are 0.3@J pulse energy and 90n/s scanning speed. A maximum index
change of 0.01 has been observed.

Spectral broadening, from an initial FWHM of 50 nta 200 nm, has been
demonstrated with a 1540 nm, 200 fs pulse, at sepethergy of 30 nJ, in a waveguide
written at a pulse energy of 1.48. A change in peak position to 1580 nm was
observed at 20 nJ/pulse. A maximum phase shift.&f Bas been demonstrated at a
pulse energy of 88 nJ/pulse. The broadening has ls&ibuted to self phase
modulation, with an asymmetry in some of the broade spectra attributed to
stimulated Raman scattering.
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The high nonlinearity of GLS makes it a promisingtaerial for nonlinear optical
devices. An interesting effect of this nonlineaigyhe spectral broadening presented in
this chapter. This broadening indicates that tiveseeguides may have applications in
nonlinear optical devices, such as a Mach-Zehnd&rferometer switch or a 2R
regenerator. However, the high nonlinearity of GE8strates the fabrication of
symmetric waveguides using fs pulses because tieshbld for critical self focusing
appears to be higher than the threshold for mateoaification.

7.5 Further work

The immediate further work suggested for transiteetal doped chalcogenide glasses
centres on the fabrication and characterisatioglags with doping concentrations that
could not be investigated in this work because lef bbss of ORC glass melting
facilities. Some important measurements such agjtlaatum efficiency of Ti, Ni and
Bi doped GLS could not be completed, this is themefsuggested as further work. In
particular bismuth doped GLS warrants further itigadion because lasing has been
demonstrated in other glass hosts. Having detednitke optimum doping
concentration by measuring the lifetime of a rar@fedoping concentration the
fabrication of optical fibres based on V, Ti, Ninda Bi doped GLS for possible
demonstration of laser action is suggested as durthork. Comparison of the
spectroscopic properties of theses dopants in othalcogenide glasses such as
germanium sulphide could provide more understandimdpow the phonon energy and
crystal field strength of the host glass affeces guantum efficiency. This is therefore
suggested as further work.

Several methods for overcoming the inherent asymnudtfs laser written waveguides
in GLS have been proposed. These include usingleehiNA objective, augmenting
the beam profile using a slit or cylindrical lensesing two writing beams and using a
parallel writing geometry. Several methods for ioygng the minimum loss have been
suggested. These include investigation of a greateye of translation speeds and pulse
energies, using a double pulse fs laser to wrigewthveguides, varying the wavelength
of the writing beam and annealing the sample aftaveguide writing. Impressive
spectral broadening was restricted to highly mwte waveguides, written at high
pulse energies. Coupling sufficient pulse enerdg ismaller waveguides in order to
observe spectral broadening is suggested as funtbel. A method for achieving this
could be to use a tapered fibre to couple into weeeguide. Fabrication of other
structures such as Fresnel zone plates and rimpaes's is also suggested as further
work.
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Appendix A MATLAB code used for continuous lifetime
distribution analysis

This code is used in chapters 4 and 5. The x avnectors are the time and intensity of
the fluorescence decay data respectively. The mgpsparameters are user specified.
The distance function is the Marquardt-Levenbergtiesquares fitting and is called
from a separate M-file. The ‘fmincon’ function rergs the optimisation toolbox to be
installed.

%%

format long g

% Vector of time decay constants

n =120;

tau = logspace(0.3,1.97,n);

% Build the exp(-t/tau) matrix.
[TAU,T] = meshgrid(tau,x);

M = exp(-T./TAU);

% Compute the coefficients a.

A = fmincon(@(a) distance(a,M,y),ones(n,1),-eye(n), zeros(n,1));
% Plot the fitted data

yFit = M*A;

figure(1);

clf;

semilogy(x,y, b xyFit, ™ o)
figure(2);

clf;

plot(tau,A, ‘o' )

function  d = distance(a,M,y)
d = sum((M*a-y)."2);
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Appendix B Area under spectra and calculated qumantu

efficiencies

This data is used in section 4.12

TABLE B1 Area under spectra and quantum efficieatiD1175-C 0.0023% V:GLS

Number of photons (arbitrary number)

Runl Run2 Run3 Run4 Run5 Run6
Emission 2.05E-0% 1.91E-05| 2.42E-05| 2.49E-05| 4.05E-05| 4.17E-05
Laser line a 1.60E-0B 1.60E-03| 1.50E-03| 1.50E-03| 4.92E-03| 4.92E-03
Laser line b 1.61E-08 1.61E-03| 1.49E-03| 1.49E-03| 4.95E-03| 4.95E-03
Laser line c 1.61E-08 1.61E-03| 1.49E-03| 1.49E-03| 4.97E-03| 4.97E-03
Laser line average 1.61E-031.61E-03| 1.49E-03| 1.49E-03| 4.95E-03| 4.95E-03
Laser line no 2.07E-03| 2.07E-03| 2.07E-03| 2.07E-03| 6.05E-03| 6.05E-03
sample a
Laser line no 2.04E-03| 2.04E-03| 2.04E-03| 2.04E-03| 6.03E-03| 6.03E-03
sample b
Laser line no 2.06E-03| 2.06E-03| 2.06E-03| 2.06E-03| 5.96E-03| 5.96E-03
sample ¢
Laser line no 2.06E-03| 2.06E-03| 2.06E-03| 2.06E-03| 6.01E-03| 6.01E-03
sample average

Efficiency (photons emitted/photons absorbed)
Quantum efficiency] 4.56E-Op 4.23E-02| 4.28E-02| 4.39E-02| 3.80E-02| 3.91E-02
Quantum efficiency] 4.19E-02
Average
Quantum efficiency] 2.88E-03
Standard Deviation

TABLE B2 Area under spectra and quantum efficieatD1257-1 0.0944% V:GLS

Number of photons (arbitrary number)
Runl Run2 Run3
Emission 7.7E-09 4.62E-05 4.09E-05
Laser line a 0.00121Pp 0.004048 0.003825
Laser line b 0.001218 0.004017 0.003738
Laser line c 0.001209¢ 0.004056
Laser line average 0.001214 0.00404 0.003781
Laser line no sample a 0.0061p4 0.006599 0.005934
Laser line no sample b 0.0061019 0.006567| 0.005897|
Laser line no sample ¢ 0.006246
Laser line no sample average 0.006163 0.006583 0.005916
Efficiency (photons emitted/photons absorbed)
Quantum efficiency 0.015564 0.01816 0.019175
Quantum efficiency Average 0.017633
Quantum efficiency Standard Deviatign 0.001862
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TABLE B3 Area under spectra and quantum efficieatD1285-2 0.0616% V:GLS *outlier

rejected
Number of photons (arbitrary number)
Runl Run2* Run3 Run4
Emission 4.8362e-5 1.6533e-5 3.2780e-5 3.0972e-5
Laser line a 2.6642e-3 5.4154e-3] 4.5759e-3 4.5759e-3
Laser line b 2.6822e-B 5.5583e-3 4.5222e-3 4.5222e-3
Laser line c 2.6479e-B 5.4663e-3] 4.4862e-3 4.4862e-3
Laser line average 2.6648¢-35.4800e-3| 4.5281e-3 4.5281e-3
Laser line no sample a 5.8567¢-5.8567e-3] 5.8567e-3 5.8567e-3
Laser line no sample b 5.8567¢-35.8567e-3] 5.8567e-3 5.8567e-3
Laser line no sample ¢ 5.9034¢-35.9034e-3] 5.9034e-3 5.9034e-3
Laser line no sample average 5.8723e8.8723e-3| 5.8723e-3 5.8723e-3
Efficiency (photons emitted/photons absorbed)
Quantum efficiency 0.0151 0.0421 0.0244 0.0230
Quantum efficiency Average 0.0208
Quantum efficiency Standard Deviatign ~ 5.0309g-3

TABLE B4 Area under spectra and quantum efficieat{D1284-5 0.0242% V:GLSO

Number of photons (arbitrary number)

Runl Run2 Run3
Emission 3.9330e-5 1.4210e-5 1.9086e-5
Laser line a 2.4306e3 3.4956e-3 3.3815e-3
Laser line b 2.3863e-B 3.4328e-3 3.3510e-3
Laser line c 2.3980e-3 3.4786e-3 3.3661e-3
Laser line average 2.4050e-3 3.4690e-3 3.3662e-3
Laser line no sample a 3.9734¢-3 3.9734e-3 3.9734e-3
Laser line no sample b 3.9245¢-3 3.9245e-3 3.9245e-3
Laser line no sample ¢ 3.9795@-3 3.9795e-3 3.9795e-3
Laser line no sample d 3.9296¢-3 3.9296e-3 3.9296e-3
Laser line no sample e 3.9203¢-3 3.9203e-3 3.9203e-3
Laser line no sample f 3.9582¢-3 3.9582e-3 3.9582e-3
Laser line no sample average 3.9476e-3  3.9476e-3 3.9476e-3
Efficiency (photons emitted/photons absorbed)

Quantum efficiency 0.025h 0.0297 0.0328
Quantum efficiency Average 0.0293

Quantum efficiency Standard Deviatign 3.6783e-3
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TABLE B5 Area under spectra and quantum efficieat{D1284-4 0.0087% V:GLSO
Number of photons (arbitrary number)
Runl Run2 Run3 Run4
Emission 3.2383e-5  9.3056e-6| 6.8218e-6 2.2048e-5
Laser line a 3.0896e83 3.6146e-3] 3.7073e-3 3.3512e-3
Laser line b 3.1169e-3 3.6285e-3 3.7961e-3 3.3423e-3
Laser line c 3.1258e-3 3.6050e-3 3.7081e-3 3.4037e-3
Laser line average 3.1107¢-3 3.6160e-3] 3.7372e-3 3.3657e-3
Laser line no sample a 3.9734¢-3 3.9734e-3 3.9734e-3 3.9734e-3
Laser line no sample b 3.9245@-3 3.9245e-3 3.9245e-3 3.9245e-3
Laser line no sample ¢ 3.9795¢-3 3.9795e-3 3.9795e-3 3.9795e-3
Laser line no sample ¢ 3.9296g-3 3.9296e-3 3.9296e-3 3.9296e-3
Laser line no sample e 3.9203¢-3 3.9203e-3 3.9203e-3 3.9203e-3
Laser line no sample f 3.9582¢-3 3.9582e-3 3.9582e-3 3.9582e-3
Laser line no sample average 3.9476e-3 3.9476e-3] 3.9476e-3 3.9476e-3
Efficiency (photons emitted/photons absorbed)
Quantum efficiency 0.0387 0.0281 0.0324 0.0379
Quantum efficiency Average 0.0343
Quantum efficiency Standard| 4.9872e-3
Deviation

TABLE B6 Area under spectra and quantum efficieat{D1284-3 0.0489% V:GLSO

Number of photons (arbitrary number)

Runl Run2 Run3
Emission 3.0275e-5 9.8348e-6 2.9948e-5
Laser line a 2.2483e3 3.4551e-3 2.2240e-3
Laser line b 2.2075e-B 3.4786e-3 2.2196e-3
Laser line c 2.1957e-B 3.5058e-3 2.2023e-3
Laser line average 2.2172¢-3 3.4798e-3 2.2153e-3
Laser line no sample a 3.9734¢-3 3.9734e-3 3.9734e-3
Laser line no sample b 3.9245¢-3 3.9245e-3 3.9245e-3
Laser line no sample ¢ 3.9795@-3 3.9795e-3 3.9795e-3
Laser line no sample d 3.9296¢-3 3.9296e-3 3.9296e-3
Laser line no sample e 3.9203¢-3 3.9203e-3 3.9203e-3
Laser line no sample f 3.9582¢-3 3.9582e-3 3.9582e-3
Laser line no sample average 3.9476e-3  3.9476e-3 3.9476e-3
Efficiency (photons emitted/photons absorbed)

Quantum efficiency 0.017p 0.0210 0.0173
Quantum efficiency Average 0.0186

Quantum efficiency Standard Deviatign 2.0998ge-3
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TABLE B7 Area under spectra and quantum efficieat{D1284-1 0.0608% V:GLSO

Number of photons (arbitrary number)
Runl
Emission 1.5826e-b
Laser line a 2.8121e3
Laser line b 2.8376e-3
Laser line c 2.8381e-B
Laser line average 2.8293¢e-3
Laser line no sample a 3.9734¢-3
Laser line no sample b 3.9245¢-3
Laser line no sample ¢ 3.9795@-3
Laser line no sample d 3.9296¢-3
Laser line no sample e 3.9203¢-3
Laser line no sample f 3.9582¢-3
Laser line no sample average 3.9476e-3
Efficiency (photons emitted/photons absorbed)
Quantum efficiency 0.014p
Quantum efficiency Average 0.0142
Quantum efficiency Standard Deviatign
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Appendix C Energy matrices and energy terms faru

d® ions

These are used in section 4.16, the matrix elenspttaken from reference [59].

Matrix elements for the’detrahedral configuration

lAl(lG,lS) lE(lD,lG)
t22 e2 t22 e2
10B V6(2B+C) B+2C -2N3B
V6(2B+C) -20Dq+8B+4C -2\3B -20Dg+2C
sz(lD,lG) 3T1(3F,3P)
t,? t,e t,’ toe
B+2C 2\3B -5B 6B
2V3B -10Dg+2C 6B -10Dq+4B

t,e 'T1(*G) -10Dg+4B+2C
t,e °T»(°G) -10Dg-8B
e’ *A,(’F) -20Dg-8B

Energy terms for the’detrahedral configuration

E 1Al(lG)):%(l88+ 9C - 20Dg- /1008 +100BC + 25C7 +80BDq+ 40CDq + 400Dq2)

E 1A1(1$))=%(188+ 9C - 20Dq+ /1008’ +100BC + 25C? +80BDq+ 40CDq + 40(Dq2)

E 1E(1D)):%(B +4C - 20Dq—\/49BZ +40DgB + 400Dq2)

E lE(lG))=%(B +4C - 20Dq+ \/4982 +40DgB + 400Dq2)

E(*T,(*D) -1 B +4C -10Dq- +/49B* + 20DgB +100Dg?
? 2
E =%(B+4C —~10Dq++/49B? +20DqB+1OODq2)
ECT.CF) =1{ B +5Dq-+/225B% —~180DqB +100Dq>
! 2
EP°T.(CP) =1 B +5Dq++/225B° ~180DgB +100Dq?
! 2

(
(
(
(
(
(T.C0)
(
(
(
(

E(*T,(*G))=-10Dq + 4B + 2C
E(*T,(°G))=-10Dq-8B
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E(*A,(°F))=-20Dq -8B
Matrix elements for the®bctahedral configuration
lAl(lG,lS) lE(lD,lG)
t22 e2 t22 e2
10B V6(2B+C) B+2C -N3B
V6(2B+C) 20Dq+8B+4C -2V3B 20Dq+2C
sz(lD,lG) 3T1(3F,3P)
t° t,e t,° toe
B+2C 2/3B -5B 6B
2V3B 10Dg+2C 6B 10Dq+4B

t,e 'T1(*G) 10Dg+4B+2C

e

*T.(°G) 10Dg-8B

e’ *A,(°F) 20Dg-8B

Energy terms for the’dctahedral configuration

E(*A,(6)= 1 (LSB+ 9C +20Dg- /1008 +100BC + 25C* ~ 80BD( - 40CDq + 400Dq’ )

E('A,(S))= (18B+ 9C + 20D+ /1008 +100BC + 25C2 — 80BDq - 40CDg + 400Dg> )

m

m

E

E
E

(
(
(
(
(
(
(
(
(

'T,(G))=

E('E(D))= (B+4C+20Dq J49B? - 4ODqB+4OODq)

E('ECG))= (B+4C+20Dq+\/4982 4ODqB+4OODq)

E('T,('D))= (B+4C+10Dq J49B? - 20DqB+1OODq)

(B +4C +10Dgq++/49B% - 20DgB +100Dq’ )

3T,(°F))= (B+10Dq \/225B2 +180DqB +100Dq? )

1
2
1
2
1
2
1

*T,(°P))= 2( B+10Dq+\/22582+180DqB+1OODq2)

3T,(3G))=10Dq - 8B
3A,(°F))= 20Dq -8B

E(*T,(G))=10Dq + 4B +2C
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Matrix elements for the®detrahedral configuration
“T,(A°D, B°D, °F, G, °H)
t23 t22(3T1)e t22(1T2)e tzez(lAl) tzez(lE)
12Dg+5C -313B -5V3B 4B+2C 2B
-3V3B 2Dg-6B+3C 3B -33B -3V3B
-5V3B 3B 2Dg+4B+3C -33B \3B
4B+2C -3/3B -3V3B 6B+5C-8Dq 10B
2B -3V3B V3B 10B -2B+3C-8Dq
2Tl(2P1 ZF, ZG, 2H)
t23 t22(3T1)e t22(1T2)e tzez(lAl) tzez(lE)
12Dg-6B+3C -3B 3B 0 3B
-3B 2Dg+3C -3B 3B 33B
3B -3B 2Dg-6B+3C -3B V3B
0 3B -3B -8Dg-6B+3C 3B
-2\3B 3V3B 3B 2V3B -8Dg-2B+3C
“E(A°D,B °D, G, “H)
t23 t22(1A1)e t22(1E)e 83
-6B+3C+12Dq -62B -3V2B 0
-6V2B 2Dg+8B+6C 10B V3(2B+C)
-3\2B 10B 2Dg-B+3C 3B
0 \3(2B+C) 23B -18Dq-8B+4C
4T1(4P,4F)
t22(3T1)e t2€2(3A2)
2Dg-3B 6B
6B -8Dg-12B
t.> “A(*F) 12Dg-15B
t.°(*T)e T2 (*F) 2Dg-15B
t.>(‘"E)e’A; (CG) 2D@-11B+3C
t.>("E)e®A; (°F) 2Dq+9B+3C
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Energy terms for the’detrahedral configuration

-6B+3C+12Dq  -6V2B -3/2B 0
E(ZE(zG) — oo de -6J2B 8B +6C +2Dq 10B J3@B+C) | 120
—sf 2B 10B ~1B+3C +2Dq 238
J3(2B+C) 2/3B -8B+4C-18Dq
—68+3C+12Dq -6V2B -3J2B 0
E(E@D))=2"r00 8B +6C +2Dq 10B V3@B+C) | a1 l=o
—sf 2B 10B -1B+3C +2Dq 238
J3(2B+C) 2V3B -8B+4C-18Dq
-6B+3C+12Dq  -6V2B -3J/2B 0
E(ZE(zH) — 3100l de -6J/2B 8B +6C +2Dq 10B J3(@2B+C) 2o
—S\FB 10B -1B+3C +2Dq 238
J3(2B+C) 2J3B -8B+4C-18Dq
-6B+3C+12Dq  -6V2B -3J/2B 0
E(2E(b"D)) = 4" ool de -6v2B 8B+6C +2Dq 108 J328+0) |, 12,
-3/2B 10B -1B+3C +2Dq 238
0 J3(2B+C) 2/3B -8B +4C-18Dq
-6B-3C+1Dq -3B 3B 0 -2/3B
-38 3C+2Dq -38 3B 3/3B
E(*T, (@) =1¥root de 3B -3B  -6B+3C+2Dq -3B -y |-A|=0
0 3B -38 -6B+3C-8Dq 2/3B
-2/3B 3/3B -/3B 2/3B -2B+3C-8Dq
-6B-3C+1Dq -3B 3B 0 -2J38
-3B 3C+2Dq -38 3B 3/3B
E(*T, (*H)) = 2"root de 3B -3B -6B+3C+2Dq -3B -3  |-A|=0
0 3B -38 -6B+3C-8Dq 2/3B

-2/3B 3/3B -/3B 2/3B -2B+3C-8Dq
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( 2
E(4T1(3P))=%(-155- 6Dq ++/ 2258 +180DqB+1OODq2)
(
(

E(*A,(*F)=12Dq-158B
E(*T,(*F))= 2Dq-158B

-6B-3C+1Dq -3B 3B 0 -2J3B
-3B 3 +2Dq -3B 3B 3/3B
E(Z'I'l(ZF)):S"’roo de 3B -3B  -6B+3C+2Dq -3B -J38 -l |=0
0 3B -38 -6B+3C-8Dq 2/3B
-2/3B 3/3B -J3B 2/3B -2B+3C-8Dq
[-6B-3c+1Dq -38B 3B 0 -2J3B
-3B 3C+2Dq -3B 3B 3/3B
E(*T,(*P)) = 4"root de 3B -3B -6B+3C+2Dq -38 -y |-A|=0
0 3B -38 -6B+3C-8Dq 2/3B
-2/3B 3/3B -J3B 2/3B -2B+3C-8Dq
[5c+12Dq -3/38 -5/38 4B+2C 2B
-3/3B  -6B+3C+2Dq 3B -3/38 -3/3B
E(ZTZ(ZG)):ls'roo det| -5/38 3B 4B+3C+2Dq -3/38 J3B -Al|=0
4B+2C -3/38 -3/38  6B+5C-8Dq 108
2B -3/3B J3B 108 -2B+3C-8Dq
5C+12Dq -3/38 -5/3B 4B+2C 2B
-3/3B -6B+3C+2Dq 3B -3/3B -3/3B
E(*T,(@°D)) = 2™root det| -5/38 3B 4B+3C+2Dq  -3/3B J3B -l |=0
4B+2C -3/38 -3/38  6B+5C-8Dq 108
2B -3/3B 3B 108 -2B+3C-8Dq
[5c+12Dq -3/38 -5/3B 4B+2C 2B
-3/3B -6B+3C+2Dq 3B -3/38 -3/3B
E(ZTZ(ZH)):S”’roo det| -5/38 3B 4B+3C+2Dq -3/38 J3B -Al|=0
4B+2C -3/38 -3/38  6B+5C-8Dq 108
| 2B -3/38 V3B 108 -2B+3C-8Dq
[5c+12Dq -3/38 -5/38 4B+2C 2B
-3/3B  -6B+3C+2Dq 3B -3/38 -3/3B
E(*T,(*F)) =4"root det| -5/38 3B 4B+3C+2Dg  -3/3B J3B -Al =0
4B+2C -3/38 -3/38  6B+5C-8Dq 108
2B -3/3B V3B 108 -2B+3C-8Dq
5C+12Dq -3/38 -5/3B 4B+2C 2B
-3/3B -6B+3C+2Dq 3B -3/38 -3/3B
E(ZTZ(aZD)):S‘“roo det| -5/3B 3B 4B+3C+2Dq -3/38 V3B -Al|=0
4B+2C -3/38 -3/38  6B+5C-8Dq 108
2B -3/38 J3B 108 -2B+3C-8Dq
E 4Tl(3F))= 1(—158- 6Dg- \/22582 +180DqB+1OODq2)
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E(*A,(?G))=2Dg-11B+3C
E(*A,(?F))=2Dq+9B+3C
Matrix elements for the’bctahedral configuration
“T,(A°D, B°D, °F, G, °H)
t23 t22(3T1)e t22(1T2)e tzez(lAl) tzez(lE)
-12Dg+5C -313B -5V3B 4B+2C 2B
-3V3B -2Dg-6B+3C 3B -33B -3V3B
-5V3B 3B -2Dg+4B+3C -33B \3B
4B+2C -3/3B -3V3B 6B+5C+8Dq 10B
2B -3V3B V3B 10B -2B+3C+8Dq
2T1(2P, 2F, ZG, 2H)
t23 t22(3T1)e t22(1T2)e tzez(lAl) tzez(lE)
-12Dg-6B+3C -3B 3B 0 3B
-3B -2Dg+3C -3B 3B 33B
3B -3B -2Dg-6B+3C -3B V3B
0 3B -3B 8D(-6B+3C 3B
-2\3B 3V3B 3B 2V3B 8DQ-2B+3C
“E(A°D,B °D, G, “H)
t23 t22(1A1)e t22(1E)e 83
-6B+3C-12Dq -6/2B -3V2B 0
-6V2B -2Dg+8B+6C 10B V3(2B+C)
-3V2B 10B -2Dg-B+3C 3B
0 \3(2B+C) 23B 18D(-8B+4C
4T1(4P,4F)
,2(CT)e 6" (CA2)
-2Dg-3B 6B
6B 8Dg-12B
t.> *A(*F) -12Dg-15B
t°(*T)e T2 (*F) -2Dg-15B
t,>(‘"E)e’A; (°G) -2Dg-11B+3C
t,’(‘E)e’®A, (°F) -2Dg+9B+3C
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Energy terms for the’dctahedral configuration

-6B+3C-12Dq  -6v2B -3J2B 0
E(zE(zG)):ftroo de -6v2B 8B+6C - 2Dq 10B J3(@2B+C) _ailzo
-3J/2B 10B -1B+3C-2Dq 238
0 J3(@2B+C) 2J3B -8B +4C+18Dq
-6B+3C-12Dq  -6V2B -3/2B 0
E(ZE(aZD)) =200l de -6J2B 8B+6C - 2Dq 10B V3@B+C) | 120
-3J/2B 108 -1B+3C -2Dq 238
0 J3(@2B+C) 2J3B -8B +4C+18Dq
-6B+3C-12Dq  -6V2B -3/2B 0
E(zE(zH)) — 3100l de -6J/2B 8B +6C —2Dq 108 J3@B+C) | al=o
-3/2B 10B -1B+3C-2Dq 238
0 J3(@2B+C) 2/3B -8B +4C+18Dq
-6B+3C-12Dq  -6V/2B -3/2B 0
E(ZE(sz)): A" ool de -6v2B 8B+6C -2Dq 10B J3@B+C) | 120
-3J2B 108 -1B+3C-2Dq 238
0 J3(2B+C) 2//3B -8B +4C +18Dq
-6B-3C-1Dq -3B 3B 0 -2J3B
-3B 3C-2Dq -38 3B 3/3B
E(*T, ) =1¥root de 3B -3B -6B+3C-2Dq -3B -y |-A|=0
0 3B -38 -6B+3C+8Dq 2/3B
-2/3B 3/3B -J3B 2/3B -2B+3C+8Dq
-6B-3C-12Dq -3B 3B 0 -2/3B
-3B 3C-2Dq -3B 3B 3/3B
E(*T, (*H)) = 2"root de 3B -3B -6B+3C-2Dq -38 -y |-A|=0
0 3B -38 -6B+3C+8Dq 2/3B
-2/3B 3/3B -y3B 2/3B -2B+3C+8Dq
-6B-3C-1Dq -3B 3B 0 -2J38
-3B 3C-2Dq -3B 3B 3/3B
E(*T, (*F))=3“ro0t de 3B -3B -6B+3C-2Dq -3B -J38  |-A|=0
0 3B -38 -6B+3C+8Dq 2/3B

-2/3B 3/3B -J3B 2/3B -2B+3C+8Dq
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-6B-3Cc-1Dq -3B 3B 0
-38 T -2Dq -38 3B
E(le(ZP))=4‘“roo de 3B -3B -6B+3C-2Dq -3B
0 3B -38 -6B+3C+8Dq
-2/3B 3/3B -J3B 2/3B
[sc-12Dq -3/38 -5/38 4B+2C
-3/3B  -6B+3C-2Dq 3B -3/3B
E(ZTz(zc;)):ls'roo det| -5/3B 3B 4B+3C-2Dq -3/3B
4B+2C -3/38 -3/38  6B+5C+8Dq
2B -3/38 J3B 108
5C-12Dq -3/38 -5/3B 4B+2C
-3/3B  -6B+3C-2Dq 3B -3/3B
E(ZTZ(aZD)):z”droo det| -5/3B 3B 4B+3C-2Dq -3/3B
4B+2C -3/38 -3/38  6B+5C+8Dq
2B -3/38 J3B 108
[sc-12Dq -3/38 -5/38 4B+2C
-3/3B -6B+3C-2Dq 3B -3/3B
E(sz(zH)):S”’roo det| -5/3B 3B 4B+3C-2Dq -3/3B
4B+2C -3/38 -3/38  6B+5C+8Dq
2B -3/3B J3B 18
[sc-12Dq -3/38 -5/38 4B+2C
-3/3B -6B+3C-2Dq 3B -3/3B
E(zTZ(ZF)):4‘“roo det| -5/3B 3B 4B+3C-2Dq -3/3B
4B+2C -3/38 -3/38  6B+5C+8Dq
2B -3/3B V3B 108
5C-12Dq -3/38 -5/3B 4B+2C
-3/3B -6B+3C-2Dq 3B -3/3B
E(ZTZ(aZD)):S‘“roo det| -5/3B 3B 4B+3C-2Dq -3/3B
4B+2C -3/38 -3/38  6B+5C+8Dq
2B -3/38 J3B 108

E(*T,(°P)) E(—15|3+6Dq \225B% -180DgB +100Dg? )

(1SB+6Dq+\/22582 ~180DgB +100Dg> )

E(‘T,P))

E(*A,(*F))=-12Dq-158B
E(*T,(*F))= -2Dq-15B
E(*A,(?G))=-2Dg-11B+3C
E(*A,(?F))=-2Dq+9B +3C

-2/3B
3/38
-J3B
2/3B

-2B+3C+8Dq

-A =0

2B
-3/38
V3B

108

-A =0

-2B+3C+8Dq

2B
—3\/§B
J3B
1B
-2B+3C+8Dq

-Al|=0

2B
—3\/§B
V3B
108
-2B+3C+8Dq

-Al =0

2B
—3\/§B
V3B
108
-2B+3C+8Dq

-A =0

2B
—3\/§B
V3B
108
-2B+3C+8Dq

-Al|=0
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Appendix D

Publications

Refereed publications

M. Hughes H. Rutt, D. Hewak, and R. Curr@pectroscopy of vanadium (l11)
doped gallium lanthanum sulphide glasgplied Physics Letters, 20090(3):
p. 031108.

M. Hughes W. Yang, and D. Hewalkabrication and characterization of
femtosecond laser written waveguides in chalcogegldss Applied Physics
Letters, 200790(13): p. 131113.

Conference presentations, proceedings and othdicatibns

M. Hughes D.W. Hewak, and R.J. Curr@oncentration dependence of the
fluorescence decay profile in transition metal dbpbalcogenide glasin
Photonics Wes2007. San Jose, USA: SPIE.

M. Hughes R.J. Curry, A. Mairaj, J.E. Aronson, W.S. Brodtg, and D.W.
Hewak.Transition metal doped chalcogenide glasses foatlband near-
infrared sourcesin SPIE Symposium on Optics and Photonics in Secanitly
Defence 2004. London.

R.J. Curry, M. Hughesl). Aronson, W.S. Brocklesby, and D. Hewsllknadium
doped chalcogenide glasses for broadband near-iattaourcesin ACerS,
Glass & Optical Materials Division Fall Meetin@004. Florida.

A.K. Mairaj, R.J. Curry, M. Hughe®R. Simpson, K. Knight, and D.W. Hewak.
Towards a compact optical waveguide device fowvacinfrared applicationsin
SPIE Symposium on Optics and Photonics in SecamityDefence2004.
London.
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