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Abstract

Abstract:

This thesis focused on the development of trivalent lanthanide doped chalcogenide glasses
intended for the fabrication of MIR (mid-infrared) fibre lasers operating at wavelengths beyond
4 um. The fabrication and spectroscopic evaluation of separate trivalent ‘Ce’ (cerium), ‘Pr’
(praseodymium), ‘Sm’ (samarium), ‘Tb’ (terbium), and ‘Dy’ (dysprosium) cation doped
chalcogenide glass samples was undertaken as the first step towards achieving this goal. These
RE3* (rare-earth) doped chalcogenide glass samples were produced using the ‘melt/quench’
technique, then drawn into single material fibres (fibre without a glass cladding) and/or
fabricated into a SIF (step-index fibre) using the ‘rod-in-tube’ technique. Emerging from the
production and fabrication of these RE3* doped samples was a novel non-destructive evaluation
technique using either NIR or MIR imaging to detect internal defects and inhomogeneities in glass
samples. As a result of this work the capability to produce RE3* doped bulk chalcogenide glass,
single material fibre SIF and extruded glass rods and tubes was demonstrated with some RE3*
doped glass compositions exhibiting optical losses as low as 1.81 + 0.29 dB/m. Additionally, the
ability to cause permanent photoinduced refractive-index changes in RE3* doped glass was also
demonstrated. There was also evidence of defects within several chalcogenide glass samples
during their production and fabrication, alluding to room for improvement in the employed
methodology.

Absorption spectra, PL (photoluminescence) spectra, and PL lifetime measurements were then
performed on the RE3* doped chalcogenide glass samples in the NIR (near-infrared) to the MIR
spectral region to assess their spectroscopic behaviour during photoexcitation. These

spectroscopic measurements inspired the development of a novel variation on the ‘pump and
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probe’ technique using an FTIR (Fourier transform infrared) spectrometer to evaluate latent ESA
(excited state absorption) in RE>* doped fibre samples. Importantly, knowledge of these ESA
bands offers an opportunity to either avoid or utilise them. As a result of these spectroscopic
measurements several absorption and PL emission bands in the NIR and MIR spectral regions
were detected and evaluated from Ce3*, Pr3*, Sm3*, Tb3*, and Dy3* cation doped samples. Notably,
some of the RE3* dopants, exhibited PL emission bands comprised of emissions from disparate
transitions each with overlapping wavelengths. Additionally, up-conversion, the transfer of
longer wavelength pump energy (lower photon energy) to shorter wavelength PL emissions
(higher photon energy), was demonstrated in both the ‘Pr3* and ‘Tb3* cations while employing
‘in-band’ pumping of their lowest excited state manifolds, the 3Hs, and ’Fs manifold, respectively.
Furthermore, latent ESA measurements of Pr3*, Sm3*, Tb3*, and Dy3* cation doped chalcogenide
glass fibre samples revealed several prominent transitions from excited RE energy levels for each
dopant for the first time. The corresponding absorption measurements and PL emission
measurements were used to propose RE energy level transitions for the observed ESA. These
results showed the influence of latent ESA on the behaviour of the upper energy levels of RE3*
dopants under excitation.

Finally, and importantly, this thesis presents the results for the first demonstration of room
temperature MIR lasing in a chalcogenide SIF with a ‘Ce’ cation doped core at wavelengths

greater than 5 um.
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Glossary of acronyms, symbols, and frequently used abbreviations:

Symbol
Al

As

a.u.

BP

CaF.
Ce
CO:
cw
dB
Dy
EDX
ESA
FBG
FTIR
Ga
Ge
GLS
GPa
GSA

GSD

Meaning

Aluminium

Arsenic

Arbitrary units

Band pass

Speed of light in a vacuum
Calcium fluoride

Cerium

Carbon dioxide
Continuous wave
Decibels

Dysprosium

Energy Dispersive X-ray
Excited state absorption
Fibre Bragg grating
Fourier transform infrared
Gallium

Germanium

Gallium lanthanum sulphide
Giga-pascal

Ground state absorption

Ground state depletion

Vii

Symbol
N2

NA
NIR
oD
[-OH]
Pa

PL
pPpm
Ppmw
Pr
QcCL
Qcw
RE3*
RF

RMSE

Sb
Se
SE
[-Se-H]

SEM

Meaning

Nitrogen

Numerical aperture
Near-infrared

Outer diameter
Hydroxyl group

Pascal
Photoluminescence
Parts per million

Parts per million by weight
Praseodymium
Quantum cascade laser
Quasi-continuous wave
Trivalent rare earth cation
Radio frequency

Root mean square error
Sulfur

Antimony

Selenium

Stimulated emissions
Selenium hydride group

Scanning electron microscopy
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Symbol

H.0
ID
In
InSb
IR

ko

KBr
La
LED
LWP
MCT

MIR

ms

mWwW

Meaning

Planck’s constant
Hydrogen

Water

Inner diameter
Indium
Indium-antimonide
Infrared

Boltzmann constant
Degrees Kelvin
Potassium bromide
Lanthanum

Light emitting diode
Long wave pass

Mercury cadmium telluride

Mid-infrared
Millimetre
Millisecond
Milliwatt

Refractive index

Symbol
SIF

Sm
SNR

Swp

Tb

TeCls

TIR

Xe
ZBLAN
um
Trad

°C

oabs(V)

Gem(V)

Meaning

Stepped index fibre
Samarium

Signal to noise ratio

Short wave pass

Time

Terbium

Tellurium tetrachloride
Glass transition temperature
Total internal reflection

Xenon

Fluoride glass (ZrF4-BaF,-LaFs-AlFs-
NaF)

Micron

Radiative lifetime
Degrees Celsius
Wavelength

Frequency

Absorption cross-section
Emission cross-section

Absorption coefficient

The term ‘single material fibre’ refers to a fibre consisting of a core with uniform refractive index

without a glass cladding.
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Chapter 1: Introduction to RE3* doped chalcogenide glasses

1 Thesis introduction:

The overall aim of this work was towards the development of RE3* (rare-earth) doped
chalcogenide glass fibres for the purpose of achieving room temperature MIR lasing. Importantly,
this entailed pursuing improvements to the manufacture of chalcogenide glass fibres and
evaluating the spectroscopy of rare-earth dopants. To accomplish this goal a systematic
assessment of several RE3* doped chalcogenide glass samples, with an emphasis on their
fabrication and spectroscopic characterisation was undertaken. This was done to demonstrate
the capability of producing high purity RE3* doped chalcogenide glasses along with its subsequent
fabrication into usable fibres and optical components, while identifying and addressing the
challenges encountered. Non-destructive evaluation using either NIR (near-infrared) or MIR (mid-
infrared) imaging was carried out to detect hidden internal defects in glass samples. This
employed low-cost components to achieve excellent imaging quality. The spectroscopic
properties of several RE3* doped chalcogenide glass samples were then evaluated using both
absorption and emission spectroscopy along with a novel variation on the ‘pump and probe’
technique to evaluate latent ESA (excited state absorption). This was done to investigate the
dynamics of transitions within the RE3* energy levels, especially in the MIR spectral region, and

yielded knowledge essential for the effective usage of these RE dopants.

1.1 Motivation:

MIR light sources are useful for a wide variety of current and future applications because many

chemicals and biological materials exhibit spectroscopic interactions with IR (infrared) light,
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especially in the MIR spectral region [1-4]. The large wavelengths of MIR electromagnetic
radiation can interact with most elements and compounds. Within the ‘fingerprint region’
between 6 to 15 um, many molecules exhibit a unique set of characteristic spectral absorption
bands enabling molecular sensing and identification for medical diagnostics and security
applications, in addition to environmental monitoring of pollutants, and remote sensing [1-7].
Furthermore, within the MIR spectral region, between 3 to 25 um [8], many chemicals exhibit
their fundamental vibrational absorption bands, allowing for efficient transfer of MIR light energy
to these materials. This makes MIR light sources ideal for cutting and sintering applications such
as medical scalpels, along with metal, and polymer machining. Atmospheric transparency
windows within the MIR spectral region enable line-of-sight transmission of MIR light. This
enables free-space optical communication [9-12], directed energy weapons/countermeasures
[13,14], and thermal imaging [6]. Additionally, MIR light sources are also employed within
instrumentation as photoexcitation sources and seed lasers for supercontinuum generation
[15,16].

Most trivalent lanthanides, RE3* cations, can produce PL (photoluminescence) in the NIR and MIR
spectral regions when excited [17]. Chalcogenide glasses are materials that are often transparent
over large portions of the IR spectral region [18]. These materials are capable of being RE3* doped
and drawn into fibres. Thus, the chalcogenide host glass can facilitate photoexcitation of the RE3*
dopants with an IR pump source, while transmitting resulting PL due to its transparency in the IR
spectral region. Furthermore, the properties of the chalcogenide glass system are often beneficial

towards the IR PL emissions from RE3* cations. Consequently, RE3* doped chalcogenide glass can
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be used to realise low cost, compact, rugged, bright MIR light sources that can operate at room
temperature, at wavelengths greater than 4 um, as this thesis will show.

Development of IR light sources based on chalcogenide glass, especially MIR fibre lasers, depends
on the quality of the host glass. Making low optical loss RE3* doped chalcogenide glass presents
a variety of challenges to their production and fabrication due to the presence of impurities and
internal defects which cause additional optical losses. Thus, considerable effort must be devoted
towards avoiding and eliminating impurities and defects.

Most RE3* cations possess energy level structures that support NIR and MIR radiative transitions.
These transitions could be utilised for implementing both incoherent and coherent IR light
sources, when paired with a suitable excitation scheme. However, latent ESA bands can act as a
depopulation mechanism for excited state energy levels, rendering seemingly feasible excitation
schemes impractical. Thus, the selection of feasible emission wavelengths, and effective
excitation schemes for the RE3* cation requires consideration of the electronic transitions

occurring within the RE3* cations, inclusive of ESA and overlapping extrinsic impurity absorptions.

1.2 Thesis outline:

The chapters of this thesis present the synthesis, fabrication, and characterisation of several
chalcogenide glass samples followed by their spectroscopic characterisation and their
subsequent usage in optical cavity experiments. Figure 1-1 illustrates the layout of the thesis,
which is divided into seven Chapters.

» Chapter 2 introduces the properties of trivalent lanthanides (rare-earth), chalcogenide

glasses and MIR fibre lasers.
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Chapter 3 presents the production and evaluation of both undoped and RE3* doped
chalcogenide glasses. Five trivalent lanthanide dopants, namely: ‘Ce’ (cerium), ‘Pr
(praseodymium), ‘Sm’ (samarium), ‘Tb’ (terbium), and ‘Dy’ (dysprosium), each incorporated
into a separate chalcogenide host glass, were produced, and assessed. Glass production
entailed chemical precursor purification, chalcogenide glass synthesis, and fabrication of
chalcogenide bulk glass, glass extrusions and fibres. Optical evaluation entailed absorption,
optical attenuation, and refractive index measurements, along with IR imaging of samples.
Chapter 4 presents the spectroscopy measurements of five RE3* doped chalcogenide glass
samples, these RE3* dopants included: Ce3*, Pr3*, Sm3*, Tb3*, and Dy3* each in a separate
chalcogenide host glass. This spectroscopic evaluation entailed PL measurements via laser
induced photoexcitation, and ESA evaluation via a novel variation on the ‘pump and probe’
technique devised and implemented, by the author and the Mid-Infrared Photonics Group.
ESA measurements were undertaken to evaluate the latent spectroscopic behaviour of the
RE3* dopant during photoexcitation.

Chapter 5 investigates MIR lasing in SIF samples with either Tb3* or Ce3* cation doped cores.
This chapter also presents results for MIR lasing at wavelengths greater than 5 um from a SIF
with a Ce3* doped core.

Chapter 6 summarises the work accomplished in this thesis and lists further actions to
optimise glass production/fabrication and characterisation of chalcogenide glass, along with
proposing potential future work.

Chapter 7 is an appendix which catalogues the procedures and equipment configurations

used for the various tasks and measurements performed in prior Chapters. This section only
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catalogues tasks that were not developed or significantly modified by the author. In some

cases, combinations of these pre-existing techniques were used in new and unique ways.
Importantly, these details allowed the equipment configurations and procedures used to be
properly critiqued in the discussion sections of prior chapters. The procedures in this section
were either previously developed within the Mid-Infrared Photonics Group, George Green
Institute for Electromagnetics Research, at the University of Nottingham or found in
literature.
Note, Chapters 3 to 5 each contain a methodology sub-section. These sub-sections presented
detailed procedures for either novel techniques or substantial modifications to pre-existing
procedures developed by the author and the Mid-Infrared Photonics research group. Conversely,
only the basic steps essential to properly describe how a task was performed, for tasks not
developed by the author, were given in these sub-sections. The detailed procedures for tasks not

developed by the author were included in Chapter 7 Appendix.
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2 Background and literature review:

The following section presents a background and literature review. Section 2.1 introduces RE
(rare-earth) dopants inclusive of their chemical and spectroscopic properties. Section 2.2
introduces the chalcogenide glass system inclusive of their compositions, production, fabrication,
and their material properties along with common impurities and defects. Finally, Section 2.3

introduces the background theory on MIR (mid-infrared) fibre lasers.

2.1 RE (rare-earth) dopants:

Lanthanides or RE elements are metallic elements belonging to the ‘f-block’ of the periodic table.
Their chemical and spectroscopic properties make them useful for a variety of commercial,
industrial, and scientific applications. Each lanthanide can achieve a stable trivalent oxidation
state [RE3*] when incorporated into compounds. In addition to the trivalent state, some
lanthanides can also assume a stable divalent [RE?*] or a tetravalent [RE**] oxidation state, such
as the RE cations Ce*, Sm?*, Eu?* and Yb?* [19-21]. The co-existence of multiple valence states,
and the interchangeability between these coexisting valence states in RE cations have been
reported [22-25]. Thus, the usage of the ‘RE3* abbreviation throughout this thesis refers to a
predominantly trivalent RE3* population, however this does not exclude the possibility of a
minority of other valence states for the RE cations.

Metallic RE elements are chemically reactive and will oxidise when exposed to air at room
temperature [19] necessitating their long-term storage in an inert atmosphere. RE elements are

also reactive to halides, chalcogens, and pnictogens. Consequently, RE elements in the form of
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RE metal foils, and RE halide salts can be used to dope chalcogenide glass. Furthermore, it has
been reported that some RE elements can exhibit reactivity with silica [26—28]. Some RE metals
can be used as chemical getters in high vacuum systems due to their high reactivity, for example

the elements ‘La’ and ‘Ce’ can be used to efficiently sequester H, and O3 gas [29,30].

2.1.1 Spectroscopic and vibrational interactions of RE cations:

Most RE3* cations have an unfilled ‘4f’ orbital which allows upward and downward transitions of
electrons within the 4f energy manifolds to occur via spectroscopic and vibrational interactions.
Electrons in the 4f orbital of RE3* cations can be temporarily excited by absorbing either incident
photons, in a process called ‘optical absorption’, or by absorbing quantised lattice vibration
energy, called phonons, in a process called ‘multi-phonon absorption’, as illustrated in Figure 2-1
(a) and (b). During these transitions the law of conservation of angular momentum is maintained
by the electrons [31]. Thus, the energy absorbed equals the difference between the initial and
excited state energy levels (see Figure 2-1 (a)). The following equation describes optical

absorption:

Equation 2-1

where V' is the frequency of the incident photon and E; and E1 denote the energy associated

with each energy level.
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(a) Optical absorption (b) Multi-phonon absorption
Excited electron Excited electron
E2 . Ez Ez . Ez
N
Incident photon Phonons
Ephoton = hv ‘H
. E, E, . E, E,
Before After J\J’! Before After
Inciden.t photon absorbed & electron Phonons absorbed & electron
excited to upper energy level. excited to upper energy level.
E =E,-Eq
photon
(c) Spontaneous emission (d) Stimulated emission
Excited electron Excited electron
@ E, E, @ E, E,
Stimulated photon
AN A~ \/\/t
Emitted photon ) N\S
E —hv Incident photon Incident photon
photon E - hv
v photon v
E, o E, E, o E,
Before After Before After
Excited electron randomly decays to Excited electron stimulated into downward
IO.V\}’]er energy I?VEI ,em'tt'ngla phoFon transition to lower energy level emitting a
with random dlrection & polarization. photon with same direction & polarization as
Epho(on =EE incident photon.
Ephoton = E27E4
(e) Multi-phonon emission () Spectral overlap of disparate emission
Excited electron
E E
2
2 )\1 E, )\2
h , P Thek, > E and
The E; > E; an y
the Es > E, E3 N tht'-:' E3 - E, along
transitions both 2 with the E, - E,
—\j Emitted phonons| results in similar o transitions results
- \ 4 \ 4 o,
Ay’ emission A z in similar }‘z
E .ﬁ‘ E wavelength. 1 2 A icci
1 4 ey emission
Before After <« 3 AP wavelength.
\ 4
Electron decays to lower energy level El
emitting phonons

Figure 2-1: Showing simplified before and after illustrations for: (a) optical absorption, (b) multi-phonon
absorption, (c) spontaneous photon emission, (d) stimulated photon emission, and (e) multi-phonon
emissions, along with simplified illustration of (f) spectral overlap of disparate emissions.

The ‘ground state’ is the lowest energy state an electron can occupy within an electron orbital,

while any state with greater energy than the ground state is an ‘excited state’. Absorptions
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occurring from the ground state constitute a GSA (ground state absorption) while absorptions
occurring from an excited state energy level constitute an ESA (excited state absorption).

Electrons in an excited state could undergo relaxation to a lower excited state or to the ground
state by releasing energy, this transition could either be radiative, resulting in the emission of a
photon, or non-radiative, resulting in the emission of phonons. The energy released during
relaxation equals the difference between the excited state and the relaxed state (see Figure 2-1
(c) and (e)). Radiative transitions required that the energy gap between energy levels be bridged
by the emission of a photon, with Equation 2-1 also describing the relaxation process. These
radiative transitions could either occur spontaneously resulting in the emitted photon having
random polarization and direction, called ‘spontaneous emission’ (see Figure 2-1 (c)), or they
could be stimulated by an incident photon resulting in the emitted photon having identical phase
and direction to the incident photon, in a process called ‘stimulated emission’ (see Figure 2-1 (d)).
Non-radiative transitions required that the energy gap between energy levels be bridged by the
emission of multiple phonons in a process called ‘multi-phonon emission’ (see Figure 2-1 (e)).
Each RE3* cation possess more than one excited state thus, the relaxation processes for an excited
electron could occur via more than one decay path, resulting in the emission of a photon of a

different wavelength to that of the incident photon (see Figure 2-1 (f)).

2.1.1.1 PL emission lifetimes:
The emission lifetime describes the rate with which electrons in an excited state relax to a lower

energy level via radiative and/or non-radiative transitions. These downward transitions cause the
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electron population in the excited state to decrease exponentially. A single radiative decay path

can be described by the following decay equation:

I(t) = Ioex'p(_Tt) Equation 2-2
where ‘I(t)’ is the PL intensity as a function of time, ‘¢’ is the initial PL intensity, and ‘t’” is the PL
lifetime. Note, spontaneous emissions can sometimes be comprised of multiple lifetimes due to
spectral overlap of radiative emissions from disparate decay paths (see Figure 2-1 (f)). Wherein,
excited state energy manifolds which possess decay paths, comprised of distinct branches with
similar relaxation energies. This enables radiative emissions of similar wavelengths, each
originating from different energy levels with distinct radiative lifetimes. For example, the 4.7 um
Pr3* PL emission band has been shown to exhibit at least two lifetimes; 3.3 ms and 10.1 ms, each
originating from different energy manifolds [32].

Non-radiative, multi-phonon emissions can compete with radiative transitions, reducing PL
intensity, and thus alter PL lifetimes. The non-radiative relaxation rate is a function of the phonon
energy of the host lattice and its temperature [33-35].

When photoexcited, or ‘pumped’, electrons within the RE cation 4f orbitals are excited into upper
levels from which they can subsequently radiatively decay to lower levels. Spontaneous emission
intensity and emission lifetimes both benefit from low phonon energy host environments, such
as chalcogenide glass, as they facilitate a greater probability for radiative transitions occurring
within the MIR spectral region. These transitions would otherwise be ‘quenched’ by competing

non-radiative transitions in a host glass possessing a larger phonon energy, like oxide and fluoride
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glasses. Thus, numerous 4f — 4f radiative transitions occurring within the NIR and MIR spectral
regions, in a chalcogenide glass host, have been reported in literature. The longest wavelength
emissions reported, so far, are broad emissions > 8 um from the: Sm3* [36,37], Tb3* [17,38], and
Dy3* [39] cations each in a chalcogenide host glass. Additionally, the longest PL emission lifetime
reported, so far, is ~16.1 ms from the Tbh3* cation in a chalcogenide host glass [40].

Several of the RE cations exhibit interesting MIR emissions at wavelengths > 4 um, such as Ce3*
(see Section 4.2.1.2), Pr3* (see Section 4.2.2.2), Sm3* (see Section 4.2.3.2), Tb3* (see Section
4.2.4.2), and Dy?* (see Section 4.2.5.3). Additionally, it has been shown that the RE precursors
used can affect both the chalcogenide glass and the MIR spectroscopic properties of the RE

dopant [32].

2.1.1.2 Latent ESA (excited state absorption):

Excited electrons can sometimes absorb additional energy to be further excited to higher levels
within the RE3* cation in a process called ESA (excited state absorption). Notably, this type of
absorption remains dormant when the excited state level is unpopulated, hence the term ‘latent
ESA’. Thus, the latent ESA band reveals itself once the excited state becomes populated. ESA
measurements typically employ a ‘pump and probe’ technique, where an excitation source, the
‘pump’, causes the excitation of electrons to upper energy levels. This enables subsequent optical
absorption between the excited electrons and a second excitation source, the ‘probe’.
Traditionally, the pump and probe technique employs a double modulation scheme as described

in [41-43]. The ESA bands for several RE cations have been reported, these include:
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e The ‘Er’ (erbium) cation exhibited NIR ESA bands around 0.55 um, 0.81 um, 0.97 um, 1.7
pum and 1.95 um [42,44,45].
e The ‘Nd’ (neodymium) cation exhibited NIR ESA bands around 1.054 um, 1.238 um, 1.325
um [43,46].
e The ‘Tm’ (thulium) cation exhibited NIR ESA around 1.1 um [47].
A low phonon energy host environment, such as chalcogenide glass, can minimise non-radiative
relaxation rates, causing long radiative lifetimes in the excited state levels [17] thus facilitating
an increase probability of ESA [42—47]. Thus, latent ESA bands are likely to be more prominent in
the low phonon energy environment of a chalcogenide host as compared to other glass hosts
with higher phonon energy. The phonon energies of various host glass systems are expanded

upon in Section 2.1.1, and given in Table 2-1.

2.2 Chalcogenide glasses:
Section 2.2.1 introduces the composition and properties of chalcogenide glasses. Section 2.2.2
delves into the production and fabrication of chalcogenide glass and Section 2.2.3 examines

optical loss of the chalcogenide glass system and some of the common impurities that afflict it.

2.2.1 Chalcogenide glass compositions and properties:

Chalcogenide glasses are X-ray amorphous materials predominately comprised of at least one
chalcogen element from group 16 of the periodic table, excluding ‘O’ (oxygen) nor the radioactive
elements below ‘Te’ (tellurium). The chalcogen elements can be combined with at least one other

element, typically from the ‘p-block’ of the periodic table, such as a pnictogen, halogen, a
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metalloid, or a metal, to produce a stable covalently bonded glass. A wide variety of chalcogenide
glass compositions have been reported, they are typically comprised of a sub-set of the following
elements ‘S’, ‘Se’, ‘Te’ ‘As’, ‘Sb’ ‘Ge’, ‘Ga’ and ‘In’. Additionally, glass compositions containing
transition metals and RE elements, such as GLS (gallium lanthanum sulphide) have also been
extensively researched. Chalcogenide glasses can transparent over large portions of the IR
spectral region [18] and are often completely opaque to visible light.

Chalcogenide glasses exhibit a glass transition occurring at the ‘T’ (glass transition temperature)
[48]. The ‘T’ denotes the temperature were thermodynamic properties, such as heat capacity
and expansion coefficient change from crystal-like values to liquid-like values. Additionally, these
vitreous materials display no long-range structural periodicity. Under certain conditions
chalcogenide glasses can undergo devitrification, which is the process by which these vitreous
materials change their structure into that of crystalline solids, importantly this is undesirable.
Most RE3* doped chalcogenide glasses reported are non-stoichiometric, multicomponent
compositions comprised of three or more elements. These multicomponent compositions
typically afford superior solubility for RE cations and greater resilience to devitrification during
glass production and fabrication when compared to two-component stoichiometric
compositions. Additionally, they allow the physical and spectroscopic properties such as ‘Tg’, and
refractive index to be manipulated by varying components within the glass composition. For
example, the refractive index of a glass composition can typically be lowered by the addition of
a few atomic % of ‘S’ without significantly changing its thermal properties.

Chalcogenide glasses typically exhibit low phonon energies, high optical nonlinearity and a high

refractive index [49,50]. The ‘T’ of a chalcogenide glass depends on its composition and can

14



Chapter 2: Background and Literature review

range from 174.2°C for As;Ses [51] to above 400°C for GezsAs12Seso atomic % compositions [52].

Some of these glasses have been demonstrated as suitable for extrusion and fibre drawing [53].

2.2.1.1 Optical properties: phonon energies and refractive index:

Glasses exhibit a transparency window comprised of a region of low optical attenuation, flanked
on both the longer wavelength and shorter wavelength regions by high optical attenuation. The
short-wavelength limit of the transparency window is often defined by competing intrinsic
absorptions due to Rayleigh scattering, Urbach tail, and the WAT (weak absorption tail) [54]. The
‘multi-phonon edge’ signifies the long-wavelength limit of the transparency window and occurs
due to the fundamental vibrational absorptions of the chemical bonds making up the glass.
Chalcogenide glasses can have a wide range of phonon energies depending on their composition.
Glass compositions which contain elements with greater atomic mass, exhibit lower phonon
energies resulting in greater transparency into the IR spectral region. For example, selenide
glasses have lower phonon energies than sulphide glasses, glass composition containing ‘Sb’ have
lower phonon energies than compositions containing ‘As’. Table 2-1 lists the phonon energy and

refractive index for several glass systems found in literature.

Table 2-1: Phonon energies and refractive index of glass systems reported in literature.

Glass system Phonon energy / cm™ Refractive index Reference
Selenide glass ~240 - 350 94-27 [55,56]
Sulfide glass ~350 - 450 [1,55,57]
Fluoride glass ~560 1.47-1.51 [17,58,59]
Silica glass ~1100 1.42-1.48 [60]
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The phonon energies of chalcogenide glasses are less than their fluoride, and silica glass
counterparts. This makes them ideal host materials for supporting MIR radiative transitions in RE
dopants, which would otherwise be quenched by non-radiative transitions in a higher phonon
energy host environment.

The relatively heavy constituent elements and weak bond strength causes chalcogenide glasses
to be more fragile when compared to most other glass systems. The strength of chalcogenide
glasses can vary widely, some compositions have been reported to exhibit a Vickers’ hardness
between ~0.5 GPa up to ~2.2 GPa [61,62], this is significantly less than the 13.1 GPa exhibited by
silica glass [63]. Thus, chalcogenide glasses, such as selenide and telluride-based compositions,

and compositions containing ‘Sb’ are often difficult to handle and cleave.

2.2.1.2 Solubility of RE dopants in chalcogenide glass:

Chalcogenide glass compositions which contain a RE dopant typically also possess a single
metallic element, either ‘Ga’ or ‘In’. This metallic element is used as a co-solubilizer to improve
solubility of an RE dopant [64—66]. It has been theorised that the co-solubilizer stabilises the glass
structure by preventing the RE3* dopant from inducing devitrification due to phase separation or
crystallization [65]. The RE dopant are sensitive to the co-solubilizer, too low concentration and
the RE dopant precipitate out of solution, while too high concentration the co-solubilizer itself
causes devitrification [64]. Additionally, it has been reported that the choice of metal co-
solubilizer used can influence the RE cation PL emission intensity [65,66].

Most chalcogenide glasses exhibit poor solubility for RE dopants despite the use of co-

solubilizers. Excluding the GLS glass system, sulfide-based glass compositions capable of being
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drawn to fibre, containing > 1.2 atomic percent RE dopant have been reported [67,68].
Additionally, selenide-based compositions capable of being drawn to fibre, typically contain
between 400 and 1500 ppmw dopant concentration (see Table 2-5), however there have been
extreme cases were fibres containing > 6000 ppm RE cation dopant have been reported [40].
Highly doped glasses are typically problematic to draw to fibre due to their propensity for
devitrification, resulting in brittle non-uniform fibre with high optical loss. However, bulk glass
samples can typically exceed the RE dopant concentration found in fibres, for example selenide-
based bulk glass containing = 13,000 ppmw RE cation dopant have also been reported [69].

Table 2-2 lists the RE dopant concentration for several glass systems capable of being drawn to
fibre found in literature. The solubility of RE dopants in the chalcogenide glasses, excluding the
sulphide-based glasses, is generally poor even when compared to their fluoride, and silica glass

counterparts.

Table 2-2: RE doped glass fibres and their dopant concentration found in literature:

Glass system RE dopant Dopant concentration Reference
InF3 Ho3* 10 mol. % [58]
ZBLAN Ho3* 5000 ppm ~molar [70]
ZrFs4 Er3+ 1 mol. % [71,72]
Silica Yb3* 2500 ppm [73]
Silica Yb,03 (with Al>Os) 0.75 mol. % [74]

Note, as an example, a dopant concentration of 1000 ppmw Ce cation in a common chalcogenide

composition such as Geis Asz1.0 Ga1.o Sess.0 atomic % is equivalent to 0.055 atomic %.
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2.2.2 Chalcogenide glass production and fabrication:

Most elements and molecules exhibit strong and distinct spectroscopic and vibrational
absorptions in the MIR spectral region. Thus, the production of chalcogenide glass, and its
subsequent fabrication into optical components, ideally needs to be carried out under pristine
conditions, without these extrinsic impurities, to achieve their minimum optical loss [75]. The
‘melt-quench’ technique, and chemical vapour deposition are two methods that can be used to
produce chalcogenide glass.

The ‘Melt-Quench’ technique is a common method used to produce bulk chalcogenide glass.
Wherein a molten solution of the purified constituent materials was heated while being mixed in
a sealed silica ampoule, the resulting glass melt was then rapidly cooled into an amorphous solid.
Typically, the melt quench technique employs an electric resistance rocking furnace. However,
variations on the technique employing microwave heating have been demonstrated [76,77]. This
method can produce large amounts of relatively homogenous glass, which can be comprised of
precursor chemicals with disparate melting and boiling points. Table 2-3 list some of the thermal

properties of the ‘p-block’ elements commonly used to make chalcogenide glass.

Table 2-3: thermal properties of common constituent elements used in chalcogenide glasses. Note, melting
and boiling temperatures obtained from [78].

Element Melting point / °C | Boiling point / °C Vapour pressure Reference
S (sulfur) 115 445 14.5 Pa at 140 °C [79]
Se (selenium) 221 685 352 kPa at 797 °C [80]
Te (tellurium) 449 988 188 Pa at 617 C [81]
As (arsenic) 816 614 186 Pa at 403 °C [82]
Sb (antimony) 631 1587 1.45 Pa at 548 °C [83]
Ge (germanium) 938 2827 0.137 Paat 1237 °C [84]
Ga (gallium) 29 2204 0.77 Pa at 1000 °C [85]
In (indium) 156 °C 2027 0.0127 Pa at 1000 °C | [86]
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Chemical vapour deposition is an alternate chalcogenide glass production technique capable of
producing high-quality glass [87-89]. In this method chemical precursors are vaporised and

deposited onto a substrate. Notably, this technique can also be used to purify chalcogenide glass.

Bulk chalcogenide glass can be heated above its ‘T’ to a supercooled liquid state which can then
be either extruded through a die into a variety of shapes or drawn into fibre. Extrusion of
inorganic glass through a die, as a method to shape these materials, has been demonstrated [53].
This type of processing allowed for the glass to be fabricated into shapes which would otherwise
be difficult to achieve via casting, blowing, or fibre drawing alone.

Extrusion of a glass melt enables the fabrication of cladding tubes and multilayer glass rods which
are necessary to make structured chalcogenide fibres using the ‘rod-in-tube’ method. This
coupled with the capability to control the refractive index of the core enables the fabrication of
a SIF (step-index fibre). SIFs were comprised of a concentric inner core, with a uniform refractive
index, and an outer cladding with a uniform, lower refractive index. Importantly, this
configuration of the SIF enabled TIR (total internal reflection) within the core, as illustrated in
Figure 2-2. The high refractive index of chalcogenide glasses (see Table 2-1) enabled the
fabrication of high NA (numerical aperture) SIF, telluride-based SIF exhibiting an ultra-high NA of
1.88 + 0.02 have been reported [15]. Additionally, the high optical nonlinearity of chalcogenide

glass allows for broadband MIR super continuum generation [15,16].
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Figure 2-2: Simplified illustration of SIF (step-index fibre) showing TIR (total internal reflection) of light
within the core. Note, that single material fibres consist of the core alone without any cladding.

2.2.3 Chalcogenide glass optical loss, impurities, and defects:

Chalcogenide glasses can exhibit small spectral regions of high optical attenuation within their
transparency window due to either intrinsic absorptions in the glass or extrinsic absorptions from
unwanted impurities. Minimising the optical loss of chalcogenide glass becomes increasingly
difficult as more elements are incorporated into their composition. This is due to the
unintentional inclusion of impurities during glass synthesis from each elemental constituent.
These impurities cause extrinsic absorption bands in the resulting chalcogenide glass, resulting
in an increase in optical attenuation. Stoichiometric glass compositions, such as As,Ss and As;,Ses,
exhibit lower minimum optical loss when compared to their non-stoichiometric, multicomponent
counterparts due to their simple compositions. Two-component glass compositions have been
shown to offer the lowest potential optical loss, with some reports of their theoretical and
empirical minimum loss being less than 0.05 dB/km [90,91]. Regrettably, these two-component

compositions often exhibit undesirable traits such as poor RE cation solubility. Thus, two-
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component compositions are typically used for undoped applications however, RE cation doped
compositions, such as Ga,Ss [92] and As,Ss3 [67], have been reported.

The foremost extrinsic absorption bands within the NIR and MIR spectral region are attributed to
hydride, oxide, and carbon impurities introduced via the chemical precursors during glass
synthesis [93-95]. Additional impurities such as SiO, carbon, [-OH], and water could also be
introduced during glass production and fabrication. Table 2-4 lists the absorption band positions
of some common unwanted impurities in chalcogenide glasses within the 2.5 um to 11 um
spectral region found in literature. Additionally, Figure 2-3 illustrates the impurity absorption
bands listed in Table 2-4 along with the approximate wavelength ranges for the major hydride,
and oxide impurities, namely: [-OH], [-Se-H], H20 and [-Si-O].

The RE dopants are the most electropositive elements used in the glass composition, thus they
are particularly susceptible to accumulating anionic impurities. Additionally, some elements can
be inherently difficult to purify due to them having similar thermal properties to their impurities,
such as low volatility, or exhibiting high melting/boiling temperatures. Thus, limiting the suitable
types of purification methods for the precursors and their effectiveness.

Heat treatment of chemical precursors to remove high-volatility impurities has been shown to
be advantageous in chalcogenide glass production [77,96,97]. However, this technique is
ineffective for low volatility (refractory) impurities.

Vacuum distillation has been demonstrated as an effective method to remove impurities from
chalcogenide glass by separating the high-volatility and refractory impurities from the purified
glass [98,99]. This purification process is enhanced with the use of chemical getters such as

oxygen getters ‘Al’ and ‘Mg’ and hydrogen getter ‘TeCls’ [93,98,100,101] to encourage impurities
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to assume either a high-volatility or low-volatility form. Double-distillation and other multi-stage

distillation have been shown to further improve the purification process, with each subsequent

distillation removing residual impurities from prior distillations [102,103].

Table 2-5 lists some RE-doped chalcogenide glass fibres found in literature along with the

specifications on their synthesis. The following can be observed:

» Glass compositions that were either distilled or had their constituent elements distilled had
lower minimum optical loss compared to their undistilled counterparts.

» Glass compositions with a low RE dopant concentration (< 500 ppmw) tended to exhibit
lower minimum optical loss (< 1 dB/m), these compositions also contained relatively small
amounts of ‘Ga’ (< 1 atomic %).

Light scattering inclusions such as holes, voids, compositional inhomogeneities, heterogeneous

and inhomogeneous crystallization can also adversely affect the optical attenuation of a glass

system. These defects are simple to detect in glass systems transparent to visible light. However,
the opacity of the chalcogenide glass system hampers the detection of these defects, despite this

“heterophase” inclusions in chalcogenide glasses have been reported [104,105].
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Table 2-4: Common unwanted impurities causing loss due to absorption within the 2.5 to 11 um spectral region (adapted from [77,96]).

Wavelength / pm Impurity Reference Wavelength / pm Impurity Reference
2.80 (3571 cm™) [-O-H], H,0, & Se-O-H [56,86,106-110,95,111-115,91] 5.00 (2000 cm™) [-As-H] [91,95]
3.10 (3226 cm™) [-S-H] [91,108] 6.30 (1587 cm™) H,O [56,86,91,106-112,114,115]
3.40 (2941 cm™) [-C-H] [56] 7.50 (1333 cm™) As406 & As-S/S-S [108,110,111,115]
3.50 (2857 cm™) [-Se-H] [56,110,111,115,116] 7.80 (1282 cm™) [-As-0], [-Ge-0], & H,Se/Se-H [56,91,108,110,111,115]
4.00 (2500 cm?) [-S-H] [56,95] 8.00 (1250 cm?) Se0, [-As-0] & [-Ge-0] [56,91,108,110,111,113]
4.05 (2469 cm'?) SO2 [117] 8.70 (1149 cm™) Se0:2 & [-As-0] [110-112,115]
4.10 (2439 cm™) [-Se-H]/ H,Se [56,95,110,111,113,115] 8.80 (1136 cm™) SO2 [117]
4.25 (2353 cm™) CO; [86,91,106,107] 8.90 (1124 cm™) [As-O-As] [110,115]
4.50 (2222 cm™) [-Se-H] [56,95,110,111,113-116,118] 9.60 (1042 cm™) [-Si-0] [56,95,110,112]
4.90 (2041 cm™) [-C-S], & [-Ge-H] [39,95] 10.70 (935 cm?) [-Se-0] [56]
[-O-H], s H] C-H] [-S-H] H] [-C-S], & H.Se/Se-H [-As-O] [-Si-0]
Hio, & [ e | 5 +c|10 S U0 AsS/5-S [-Ge-0] [As-0-As] el
= 5 H 0 — v v !
N\
" A P
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11

Wavlength / um

Figure 2-3: Showing absorption of unwanted impurities listed in Table 2-4. Note, [-Se-H] and H»O absorption spectra obtained from [116] and via
empirical measurement, respectively.
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Table 2-5: Optical attenuation for RE3* doped chalcogenide fibres found in literature.

Dopant source

, Purification Minimum
(as quoted in
Host glass method of loss /
o reference) and Type of
composition . h precursors (dB/m) @ | Reference
o nominal fibre
/ atomic % . and/or wavelength
concentration/
glass used / um
PPM
Ge-As-Ga1.oSe core/Ge- - -
As-Ga-Se cladding 493 Pr SIF Undistilled 2.8 @ 6.65 [119]
500 Pr (foil) Unstructured Undistilled 2.0 @ 6.77
Ge-As-GaioSe 500 PrCl3 Unstructured Undistilled 1.8 @ 6.93 [32]
500 Prls3 Unstructured Undistilled 2.8 @ 6.75
Ge-As-In10 Se core/Ge- 34 . 43+02 @

As-Ga-Se cladding 498 Pr SIF Undistilled 6.58 [66]
Gei16.5As18.8Ga0.25€64.5 200 Pr Unstructured 'Se' and 'As' 0.7 @ 6.61 (120]
Gei6.5As18.3Gao.7S€64.5 2000 Pr Unstructured distilled 1.8 @ 6.07

(GeSbSe)s7Gas 1000 Sm** Unstructured Undistilled 2.15 @ 6.04 [36]
~1 7-
GasGe2oSbioSess 500 Sm3* Unstructured Undistilled > beté\;/veen [37]
GasGez0Sb1oSess 500 Tb3* Unstructured Undistilled < ZéSSkizt;V(Seen
: - [38]
GasGez0Sb1oSess 1000 Tb3* Unstructured Undistilled <5 between
6.5t07.5

GesAs3zSes7.5Gaosls 6000 Tb Unstructured Distilled 15@9.0 [40]
Gas.2Ges.9AS15.35€s56.6

core /Ge1sAs22S60 1050 Th3* SIF Distilled 3t03@7.1 [121]

cladding
GasGez0Sb1oSess 500 Tb3* Unstructured Distilled About 1.3 [122]
GasGez0Sb1oSessTezo 500 Tb3* Unstructured Distilled About 4.0
GasGe20Sb10Ses 1000 Dy** Unstructured Distilled < 2.0 between
2.0to 2.5 [39]
34 . < 1.2 between
GasGe20SbioSess 1000 Dy Unstructured Distilled 6.510 7.5
Ge12.5As18.8Ga0.25€58.5510 200 Dy Unstructured 'Se' and 'As' 2.6 @ 6.05 (120]
Ge16.5A518.8Ga0.25€64.5 750 Dy Unstructured distilled 1.2 @ 6.19
Ge16.5A518.5Gao.s5€64.5 400 Dy Unstructured Distilled 0.8 @ 6.6 [123]

Note, ‘Unstructured’ refers to single material fibre.
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2.3 MIR (mid-infrared) fibre lasers

Lasers are monochromatic, coherent light sources, typically characterised by outputs with high
optical intensity, small spectral linewidth, along with good spatial coherence. The word laser is
an acronym for "light amplification by stimulated emission of radiation" [124]. These devices
operate on the principle of stimulated emission (see Figure 2-1 (d)) which was first theorised by
Albert Einstein in 1916 [125,126]. The first practical implementation of amplification by
stimulated emission was the ‘maser’ (microwave amplification by stimulated emission of
radiation) which was developed in 1953 [127]. The first optical laser, operating at a wavelength
of 0.6943 um was built and operated by Theodore H. Maiman in 1960 [128].

Lasers are devices that achieve amplification by stimulated emission inside an optical cavity,
which consists of a gain medium, bounded by mirrors. There are a variety of laser types, here we
consider fibre lasers constructed using a step index fibre with a solid core, as illustrated in Figure
2-4. Fibre lasers typically produce a high-quality output beam, and they typically offer ease of
beam delivery in a relatively inexpensive, robust, and compact form factor. The output power of
these devices can range widely depending on their design, with output powers ranging from tens
of milliwatts to several kilowatts from a single fibre in either a continuous or pulsed manner.
Figure 2-4 shows a gain medium consisting of the RE3* doped core of a SIF, bounded at both ends
by dichroic mirrors, while being photoexcited with a pump laser. The dichroic mirrors produced
a ‘Fabry—Perot’ optical cavity at the lasing wavelength and they could either be discrete mirrors
abutted to the gain medium or FBGs (fibre Bragg-grating) integrated into the gain medium. These
dichroic mirrors were selected to possess reflectivity and transmission bands for the pump and

lasing wavelengths, respectively. The SIF facilitated transmission and confinement of the pump
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laser(s) within the core of the SIF, while providing optical gain at the lasing wavelength.
Photoexcitation of the gain medium resulted in optical absorption of the pump laser by the RE3*
cations (see Figure 2-1 (a)) causing their excited state level(s) to be populated with more
electrons than their ground state in a process called population inversion. The processes of

spontaneous and stimulated emission subsequently occurred from the excited state level(s).

Dichroic mirror:
* High transmission at ‘pump’ wavelength.
* High reflectivity at lasing wavelength.

Dichroic mirror:
High reflectivity at pump wavelength.
Partial transmission at lasing wavelength.

RE3* doped core
of step index fibre
acting as active
gain medium.

|@ )
. Fibre laser

Pump laser output

Partial
feedback

Laser threshold

Spontaneous
emission

Laser output power f mW

v

Input pump power /W

Figure 2-4: Simplified illustration of optical cavity using RE3* doped core of SIF (step index fibre) as gain
medium, along with hypothetical output versus input power for an optically pumped laser showing laser
threshold.

The mirrors of the optical cavity reflected the emissions from the gain medium, this feedback
light formed a standing wave cavity resonator, resulting in stimulated emissions within the gain
medium. Lasing occurred at the ‘lasing threshold’, which was the lowest input pump power into

the optical cavity where the output of the optical cavity was dominated by stimulated emission
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rather than by spontaneous emission. Beyond the laser threshold the slope efficiency described
the relationship between the laser output power and the input pump power, as illustrated within
the inset in Figure 2-4. Lasing occurred when the gain within the gain medium was greater than
the optical attenuation within the optical cavity, namely due to optical losses of the RE3* doped
fibre, and the cavity mirrors. Thus, minimising the optical loss of the gain medium was beneficial

for efficient laser operation.

2.3.1 Properties of MIR fibre lasers:

The low phonon energies, IR transparency, and capability to be fabricated into various shapes
makes the chalcogenide glass system a suitable host material for room temperature MIR lasers
operating at wavelengths greater than 4 um. This glass system can be doped with RE3* cations
and drawn into SIF with relatively low optical loss, also their transparency allows the RE3* dopant
to be photoexcited by an IR pump source while transmitting the resulting PL. Some chalcogenide
glass compositions have been reported to have optical damage thresholds as high as 12.2
MW/cm? of continuous wave irradiation [129]. Furthermore, photoinduced phenomena such as
photobleaching and photodarkening have also been reported [49]. These photoinduced
phenomena could be used to produce a dichroic mirror in the form of an FBG inscribed within a
chalcogenide SIF. This could provide high reflectivity at a specific wavelength, ideal for an optical
cavity. Each of these traits makes the chalcogenide glass system ideal for MIR fibre lasers.

MIR lasers have been demonstrated in bulk glass, crystals, SIF, hollow core fibres and gas cells

[130-137]. Here we focus on MIR lasers using RE3* doped glass or crystal as the gain medium
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operating with emission wavelengths greater than 3 um. Table 2-6 lists some MIR lasers, found
in literature employing the Ce3*, Pr3*, Tb3*, Dy3*, Ho3* (holmium) and Er3* (erbium) cations.

The RE-doped ZBLAN (fluoride glass) examples listed in Table 2-6 provided a relatively low
phonon energy for their respective RE-cation dopants (see Table 2-1), which limited their infrared
transmission edge to around 4 um and likely caused some of the examples to require cryogenic
cooling, at 77 K, to achieve MIR lasing. Conversely, the RE-doped chalcogenide host glass
compositions listed provided a low phonon energy for the RE3* dopants which allowed room
temperature lasing at wavelengths greater than 5 pum.

The dichroic mirrors used for the lasers listed in Table 2-6 were either an FBG or, discrete mirrors.
Notably, the MIR lasers which employed an FBG, see Table 2-6, achieved greater slope
efficiencies when compared to their discrete mirror counterparts.

The MIR lasers which possessed a smaller quantum defect exhibited higher slope efficiencies, as
evident by the Dy3** MIR lasers operating at ~4.3 pum when comparing the 1.3, 1.7 and 2.83
excitation wavelengths. Interestingly, there are several examples of Dy3* NIR lasers operating at
~2.9 um in fibres [138]. However, to the best of my knowledge there currently have been no
demonstrations of MIR fibre lasers operating at ~4.4 um employing the Dy3* cation, despite
several demonstrations of lasing within the bulk crystals, see Table 2-6, and numerical modelling

evaluating its feasibility [139].
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Table 2-6: Specifications and characteristics for either bulk glass/crystals or fibre MIR lasers found in
literature with emission wavelengths greater than 3 um.

= 5 < - [J]
cZ g < 2 S £
: S £ 58 5 > 2
A . . Cavit kY o 2T o L 2
Description of gain medium . v B %D El = 3 g .g @ S § o e
mirrors S 2 o o 3 32 b5 > 2
S S W 3 3 = -
© e 2 5 c
3 = ©
Room temperature SIF with Ce3* doped Butt coupled 4150 5.280 Not Not 2021
GejsAsy1Gag Segs core. mirrors ’ (CW) measured measured [140]
Room  temperature Ce3* doped . 5.200 Not 2021
GezoSh10GasSegs atomic % glass rod. Mirrors 4.100 (CW) reported 210 [130]
Room temperature GessGasSesg atomic | Butt coupled 1540 5.6 Not Not 2021
% glass rod doped with Pr3* cations mirrors ’ reported reported [134]
Room temperature SIF with Th3* doped Butt coupled 1.980 5.380 Not Not 2021
GasGeysAsisSesy atomic % core. mirrors ’ (CW) reported reported [141]
Room temperature SIF with Th3* doped Butt coupled ~5.25 2022
1. . .
GeyoGasSh1gSess atomic % core. mirrors 980 (CW) 0.0036 >3 [142]
Room temperature, double clad single 3150 2018
mode ZBLAN fibre (Le Verre Fluoré) with FBG 2.830 ) 1.06 73.0
(cw) [137]
Dy3* doped core.
Room temperature Dy3* doped YLF . 1991
(yttrium lithium fluoride) crystal. Mirrors 1.730 4340 0.0002 >0.05 [135]
Room temperature Dy3* doped PGS . 2013
M 1.7 4, . 7
(PbGasSa) crystal. irrors 00 300 0.0006 8 (143]
3+
Room temperature Dy>" doped CaGas5s Mirrors 1.300 4.380 0.00012 1.6 1999
(calcium thiogallate) crystal. [136]
3+
Room temperature Dy3* doped KPb,Cls Mirrors 1.700 4.500 pm 0.001 12 2022
crystal. [144]
Room temperature, double clad, InFs
fibre (Le Verre Fluoré) with Ho3* doped Butt Foupled 0.888 3.920 0.20 10.2 2018
mirrors (CW) [58]
core.
) Butt coupled 3.900 1997
3+ °
Ho3* doped ZBLAN fibre cooled to 77° K. mirrors 0.885 (cw) >0.0011 2.3 [70]
Room temperature, double clad, single 0.980
mode ZBLAN fibre (Le Verre Fluoré) with Butr:]icr(:sfsled and ?c7v?/()) 1.45 27.0 2[3;]6
Er3* doped core. 1.973
) Butt coupled 3.480 1991
3+ °
Er3* doped ZBLAN fibre cooled to 77° K mirrors 0.653 (cW) 0.0085 3.0 (145]
Room t.emperatur_e, double clad, smglle 0.976 3.550 2017
mode fibre, ZrF, fibre (Le Verre Fluoré) FBG and (cw) 5.6 26.4 (71]
with Er3* dope core. 1.976

Note, FBG (Fibre Bragg Grating), and CW (continuous wave).
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2.4  Chapter summary:

RE3* cations exhibit numerous transitions from 3—12 um that can be exploited for fibre lasers and
amplifiers [17,20], however progress with their usage has been slow, especially for wavelengths
greater than 5 um (see Table 2-6). Demonstrations of room temperature MIR fibre lasing
operating at wavelengths beyond 5 um have only recently occurred using the Ce3* and Tb3*
cations. Advancements in RE3* doped chalcogenide glass production and fabrication along with
availability of suitable pump sources could be partially attributed to these advancements.

The chalcogenide glass system is a suitable host material for RE3* dopants, these materials exhibit
high refractive index and low phonon energies and can be drawn into low-loss fibres [17]. Despite
the desirable traits of the chalcogenide glass system there are very few examples of MIR laser
action in chalcogenide glass fibres. Two reasons for this deficiency are:

i.  The purification of RE3* doped chalcogenide glass can produce single material fibres with
relatively low-loss (see Table 2-5). However, deficiencies with the small core SIF
fabrication processes can unintentionally introduce additional optical losses. Thus, a
major limitation to chalcogenide fibre laser and amplifier development is the fabrication
of low-loss small-core RE3* doped fibres [17].

ii. RE3* cations possess numerous latent ESA bands, these are sometimes-overlooked
because of their latent nature. Regrettably, these latent ESA bands can render seemingly
feasible excitation schemes impractical. Thus, the ESA bands of each RE3* dopant presents
a unique set of challenges in the selection of suitable pump and emission wavelengths,
especially in the MIR spectral region. Consequently, knowledge of their location and

strength offers an opportunity to either avoid or utilise them.
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This thesis aims to evaluate excitation schemes and electronic transitions within RE3* dopants
that could be exploited for use as a MIR light source while striving to explore the properties and
peculiarities of the chalcogenide glass system that may help or hinder MIR lasing. This entailed
exploration of the interaction between the RE3* dopant and the chalcogenide glass host, inclusive
of its extrinsic impurities, and its influence on the spectroscopic properties of the RE3* dopant for

different pump wavelengths.
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3 Synthesis and evaluation of chalcogenide glasses:

This Chapter presents the synthesis and evaluation of undoped and RE3* (rare-earth) cation
doped chalcogenide glasses, with the objective of giving a systematic assessment of several RE3*
doped samples while identifying deficiencies with the employed methodologies. Section 3.1.1
gives a description of the methodology employed in the preparation, purification, and synthesis
of several chalcogenide glass compositions, along with the fabrication methods used to produce
polished glass, glass extrusions, single material fibres, and SIF (step index fibres). Section 3.1.2
describes the methodology employed in the optical evaluation of chalcogenide glass samples.
Section 3.2 presents the optical evaluation of bulk chalcogenide glass, glass extrusions, and fibre
samples along with a discussion on the presented results. Note the following:

» Several of the purification and production methodologies used in this Chapter originated
from techniques found in literature along with methods developed from previous work
within the Mid-Infrared Photonics Group, George Green Institute for Electromagnetics
Research, at the University of Nottingham [77,96,97]. A comprehensive description of
each of these techniques can be found in Appendix 7.1 and 7.2.

» Most of the chalcogenide glass compositions evaluated in this thesis were based on
previous on work done in [97] within the within the Mid-Infrared Photonics Group.

Additionally, throughout this thesis, a coding system was used to identify each glass sample
evaluated. A description of the code structure and examples of its usage are given in Appendix

7.1.13.
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3.1 Methodology for synthesis and evaluation of chalcogenide glass.

Section 3.1.1 describes the methodology employed in the production of bulk chalcogenide glass
and its subsequent fabrication into single material fibre (without a cladding) and SIF, inclusive of
intermediate glass extrusions. Section 3.1.2 describes the methodology employed in
spectroscopic, and refractive index dispersion evaluation of glass samples along with a novel non-

destructive evaluation method developed by the author and the Mid-Infrared Photonics Group.

3.1.1 Chalcogenide glass synthesis and fabrication of extrusions and fibres.
Section 3.1.1.1 describes the methodology employed to produce either undistilled or distilled,
undoped or RE3* doped bulk chalcogenide glass. Section 3.1.1.2 describes the processing of bulk

chalcogenide glass into polished glass, glass extrusions, single material fibre, and SIF.

3.1.1.1 Methodology used in the production of bulk chalcogenide glass:

The chalcogenide host glass system used in the presented work were based on a sub-set of the
elements ‘Ge’, ‘As’, ‘Sb’ ‘Ga’, ‘Se’, and ‘S’. Production of each bulk chalcogenide glass sample in
this thesis employed the traditional ‘melt-quench’ technique with an electric resistance rocking
furnace. After initial glass synthesis several of these chalcogenide glass compositions were doped
with a single RE metal foil. Note, for the presented work only the metallic foil of the RE dopants
were used. This was done to avoid introducing additional confounding factors to glass production
and spectroscopic evaluation. Synthesis of bulk chalcogenide glass employed the flowchart

illustrated in Figure 3-1 and was sub-divided into the following subsections:
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Figure 3-1: Process flowchart for production of either RE** doped or undoped bulk chalcogenide glass.
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1. Glassware preparation: Stringent cleanliness of the silica glassware used in both the

purification of chemical precursors and synthesis of chalcogenide glass was essential to
minimise impurities in the chalcogenide glass produced. Thus, the silica glassware used were
subjected to comprehensive cleaning and preparation steps. These steps entailed washing,
rinsing, and heat treatments along with visual inspections. The specific preparation steps are
given in Appendix 7.1.1.

2. Purification of the precursor chemicals: Purification of each precursor chemical was

performed prior to chalcogenide glass production on small batches, with provisioning for
losses occurring during the purification process. The purification method employed for each
precursor chemical depended on their physical properties and the impurities present, Table
2-3 lists the properties of the constituent elements. Both the chalcogens and pnictogens were
subjected to a bake-out while under continuous/dynamic vacuum to remove impurities with
a high vapor pressure and to accelerate outgassing of physically or chemically adsorbed
impurities from their surface. The metallic precursors liquid ‘Ga’, rare earth foils, and ‘Al’, each
had their surface impurities mechanically removed. The steps used for the purification of each
precursor chemical are given in Appendix 7.1.2.

3. Ampoule opening: It was sometimes necessary to open vacuum sealed silica glass ampoules

to either add materials to their contents or to remove their contents for re-batching into
another ampoule. Appendix 7.1.3 outlines the steps used to safely open ampoules.

4. Precision batching: This entailed batching of constituent chemicals of the chalcogenide glass

into silica glassware intended as the ‘melt/quench vessel’, either a silica ampoule, or custom-
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made silica distillation rig. Appendix 7.1.4 presents the steps used for calculation and batching
of precursor material.

. Melting, quenching, and annealing: Ampoules and their contents were subjected to a

simultaneous heating and rocking schedule to melt and homogenise the contents. After
melting the molten glass was rapidly cooled into an amorphous solid in a multi-stage
guenching process then annealed at its ‘T’. Upon completion of annealing, the silica glass
ampoule and its chalcogenide glass contents were visually inspected for cracks and defects
which could result in catastrophic failure of the ampoule if a remelt was required. If the
chalcogenide glass, inside the ampoule, contained significant cracks, then it would be
remelted inside the same ampoule, as these cracks could hamper subsequent fabrication
processes. The steps for the melt quench and annealing process are given in Appendix 7.1.5.

. Vacuum distillation: This was the procedure used to purify previously made undoped

chalcogenide glass cullet without ‘Ga’. The process was enhanced with the aid of chemical

getters such as TeCls and ‘Al’. The steps for vacuum distillation are given in Appendix 7.1.6.

Glass synthesis employed the flowchart illustrated in Figure 3-1, production could entail more

than one loop through the ‘melt-quench’ process via a ‘remelt’ depending on the desired

composition and purity of the glass. These process steps were amenable to a variety of

chalcogenide glass compositions and were used in the production of:

Undoped, undistilled glass: The melt-quench process was performed once.
Undoped, distilled glass: The melt-quench process step was performed twice, firstly to
produce the undoped, undistilled glass followed by a distillation then remelting to

homogenise the distilled glass.
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3. RE doped, undistilled glass: The melt-quench process was performed twice, firstly, to
produce the undoped, undistilled glass, followed by remelting with the dopant.

4. RE doped, distilled glass: The melt-quench process step was performed three times, firstly
to produce the undoped, undistilled glass followed by distillation, then remelting to

homogenise the distilled glass, and remelting with the RE-dopant and ‘Ga’ co-solubilizer.

3.1.1.2 Fabrication of chalcogenide bulk glass, extrusions, and fibres.

Glass fabrication employed the flowchart illustrated in Figure 3-2, these process steps were
amenable to the fabrication of a variety of chalcogenide glass components such as polished bulk
glass, glass extrusion along with single material fibres and SIF. The starting point for each of these
items was bulk glass rod or billet and production could entail multiple steps to produce
chalcogenide components. Fabrication of chalcogenide glass was sub-divided into the following:

1. Polished bulk glass: Bulk glass samples were disc shaped pieces of glass cut from larger

annealed glass rods. Preparation of these glass samples could entail cutting, grinding,
polishing, and pressing in a vacuum hot press until the desired surface finish was achieved.
Appendix 7.1.7 describes the process used to prepare polished bulk glass samples. These glass
samples could be used for spectroscopic evaluation (see Section 3.1.2), cladding tube
extrusions and for the co-extrusion process, see Appendix 7.1.8 and 7.1.9, respectively.

2. Chalcogenide melt extrusion: Extrusions were performed on cylindrical bulk chalcogenide

glass billets, to produce cladding tube extrusions, and co-extrusions. Wherein, chalcogenide
glass samples were heated above their ‘Tg’, then pressure was applied to force the viscous
fluid of the supercooled chalcogenide melt through a shaped die, to produce either a rod, or
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tube. Sections 7.1.8, and 7.1.9 describes the extrusion process. Both rod and tube types of
extrusions could then be used as an intermediate step in the fabrication of a SIF using the
‘rod in tube’ method, this process is described in Appendix 7.1.12.

Glass fibre/cane drawing: Glass rods were drawn into single material fibre, SIF, and cane. This

process entailed heating a narrow region of the glass rod above its ‘Tg'. Axial tension was then
applied to the glass rod while it was in a ‘supercooled liquid’ state to form a continuous
stream of glass which rapidly solidified. The process for glass fibre drawing is described in
Appendix 7.1.10. Single material fibre was drawn from a single chalcogenide glass rod, these
fibres possessed an outer diameter of less than 400 um. Conversely, SIFs were drawn from
specially fabricated step-index glass rods comprised of at least one concentric inner core and
an outer cladding. Glass drawn with an outer diameter greater than 400 um was called ‘cane’
and could be either ‘single material’ or ‘step-index’. SIF were drawn from specially prepared
glass rods comprised of two materials of differing refractive index using the ‘rod in tube’
method, as described in [146—149]. These specially prepared glass rods were fabricated using
the ‘rod in tube’ method and utilised both the ‘cane’ drawing, and the cladding tube extrusion
procedures described in Sections 7.1.8 and 7.1.9, respectively.

Propylamine etching: The logistics involved in glass production often resulted in glass samples

being produced before they could be used, allowing time for the inclusion of impurities due
to oxidation, absorption, and adsorption of atmospheric molecules. Thus, propylamine
etching using the process described in Appendix 7.1.11 was carried out to remove any surface
oxidation [150,151] which may have occurred, or to remove surfaces that were in contact

with the inner wall of the silica ampoule. Glass rods were typically etched prior to fibre
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drawing, while glass canes were etched prior to their use in the ‘rod-in-tube’ method to
assemble a step-index glass rod. Note, extruded glass tubes were not etched due to the

inability to properly clean their inner surface after etching.

C Starting bulk glass rocD
v

Reserve FTIR/ellipsometry
sample.

e ittt

Yes Is glass rod going to be No
drawn into single
material fibre?
Propylamine : No i indi
rropylamine Is glass rod intended p Cutting, grindin
etching. for cladding? and polishing
Yesl l
Chalcogenide glass Yes i
thalcogenide glass | Is glass extrusion
melt extrusion required?
Is etched glass a Yes l No
A cane? l
No Rod-in-tube
assembly.
I - l
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Fibre/cane
drawing \ 4
\ 4
Store cane in covered
ampoule inside
glovebox until needed. Is drawn glass a
Yes cane?
No
End

Figure 3-2: Flowchart to process bulk chalcogenide glass into polished bulk glass, single material fibre,
glass extrusions, and SIF.
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3.1.2 Optical, and compositional evaluation of chalcogenide glass.

Section 3.1.2.1 describes the methodology employed for the spectroscopic evaluation of
chalcogenide glass samples using a FTIR (Fourier transform infrared) spectrometer. Section
3.1.2.2 describes the novel procedure employed for the non-destructive evaluation of various
chalcogenide glass samples in the visible, NIR (near-infrared) and MIR (mid-infrared) spectral
regions developed by the author. Section 3.1.2.3 explains compositional evaluation of
chalcogenide glass samples. Section 3.1.2.4 describes the methodology employed to evaluate the

MIR refractive index dispersion properties of bulk chalcogenide glass samples.

3.1.2.1 FTIR (Fourier transform infrared) spectral characterisation methodology:

The spectroscopic properties of chalcogenide glass samples were evaluated using a FTIR
spectrometer. The spectrometer was used to simultaneously generate and analyse broadband IR
light transmitted through either a bulk glass or fibre sample. Fourier analysis of the light
transmitted through the entire optical path, inclusive of the sample, allowed for the evaluation
of its intensity as a function of wavelength. This was used to identify spectral regions where the
light was either absorbed/scattered/reflected and/or transmitted within the optical path.
Importantly, this allowed for the identification and evaluation of both intrinsic and extrinsic

absorption bands in a sample. The FTIR spectrometer was used in the following measurements:

Bulk glass absorption measurements: A FTIR spectrometer was used to measure the absorption

spectrum of polished bulk chalcogenide glass samples over a large portion of the IR spectral

region (typically between 1 to 25 um). Separate NIR and MIR bulk glass absorption measurements
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were each accomplished using the equipment setup and process described in Section 7.2.1 and
combined. These absorption spectra were subsequently modified by having the absorptions for
the host glass numerically removed, using the ‘Baseline Fit’ function in Matlab, to reveal the RE3*
cation GSA (ground state absorption) contributions. These modified absorption spectra are
presented in Section 3.2, and were used to derive the RE3* energy level diagrams presented in

Chapters 4, and 5.

Optical loss measurements: The ‘cut-back’ method was employed to evaluate the optical

attenuation of single material fibre samples over a portion of the IR spectral region (typically
between 1.5 to 11.5 um). Figure 3-3 illustrates the equipment configuration used for
measurements (designed and set up by Dr David Furniss), while Figure 3-4 shows the flowchart
used to perform fibre loss measurements.

The FTIR spectrometer, item 1, in Figure 3-3, was used to generate modulated broadband IR light,
mirrors were then used to focus this light into the cleaved ‘launch-end’ of a fibre sample. The
‘cut-back’ method was employed to compare the intensity of broadband light transmitted
through the fibre sample as it was incrementally cleaved towards the ‘launch end’. The detailed
procedure for performing the loss measurement is described further in Appendix 7.2.2.

Note, the optics of this equipment configuration produces a large focal point (~1 mm in diameter)
at the ‘launch end’ of the sample. Thus, the configuration was not suitable to evaluate the optical
loss for small core SIF fibres due to the low intensity of IR light that would be launched into the

core of the SIF. As a result, loss measurements of SIF samples were intentionally omitted.
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| Connection to FTIR
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1. FTIR (Fourier transform infrared) spectrometer (Bruker, IFS 7.  Flataluminium mirror on a kinematic mount.
66/S please see Figure 7-12) equipped with Globar® source 8- Bare fibre holder (Newport, 561-FH) on XYZ translation stage.
and ‘KB’ (potassium bromide) beam splitter and using Bruker ~ J-  Parabolic aluminium mirror on kinematic mount.
OPUS software (version 3.1 build 3,0,19). 10. Liquid nitrogen cooled InSb (indium-antimonide) detector
2. ‘KBr window, 2 mm thick. (InfraRed Associates, Inc. Model: ID413) for the 1 to 5.5 um
3. Aluminium 90° ‘Off-axis’ parabolic mirror, f = 69 mm on a spectral region, connected to Bruker IFS 66/S FTIR
kinematic mount. spectrometer.
4. Aluminium mirror on a kinematic mount. 11. Liquid nitrogen cooled MCT (mercury-cadmium-tellurium ‘Hg-
5. Bare fibre holder (Newport, 561-FH) on XYZ translation stage. Cd-Te’) detector (Kolmc{r Technologies, V100-1B-7/190) for the
6.  Single material chalcogenide glass fibre sample, with both 2 to 11 pm spectral region, connected to Bruker IFS 66/5 FTIR.

ends cleaved. 12. Items 11 and 12 are mounted onto a home-made siding rail.

Figure 3-3: Diagram of equipment configuration used for optical attenuation measurements of solid core,
single material fibres.

Between each ‘cut-back’ the intensity of the broadband light transmitted through the sample
‘Pout’ Was measured by the FTIR spectrometer using both detectors, while ‘L’, the length of fibre
cleaved was measured to within a millimetre. Note, ‘Pout’ denoted an intensity measurement
from the current cleave, and ‘Pin’ denoted the intensity measurement from a subsequent cleave.
The ‘cut-back’ procedure (see Section 7.2.2) was repeated several times. The attenuation per unit
length (dB/m) was calculated by individually ratioing each measured ‘Pout’ against each
subsequent measured ‘Pix’ while dividing by the corresponding length between cleaves ‘L’. The

calculation was given by the following equation:

mn

Attenuation(dB/m) = (%) x logyo (I:f“t) Equation 3-1
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Figure 3-4: Flowchart for optical attenuation measurement of RE>* doped single material fibre.

The attenuation spectra presented in Section 3.2 show the mean value of each attenuation
spectrum calculated using Equation 3-1. Thus, each cut-back contributed towards the mean
attenuation spectrum, due to this cross-calculation. This was done to account for variations in
fibre diameter, fibre position (at the ‘cut-back’ end), cleave angle and the presence of surface

debris into the overall loss measurement and typically resulted in slightly pessimistic, but more
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realistic results than compared to the method used in [103]. Note, in the presented attenuation
spectra, in Section 3.2, spectral regions with high attenuation due to strong RE3* GSA (ground
state absorption) or impurity absorptions were omitted due to a lack of photons reaching the

detector, making these spectral regions noisy.

3.1.2.2 Visible, NIR and MIR imaging methodology:

Bubbles, crystals, and other unwanted defects within chalcogenide glasses were usually hidden
due to the opacity of selenide-based chalcogenide glasses to visible light. Thus, a non-destructive
imaging technique employing low cost, NIR light source and NIR camera was developed to reveal
such internal defects. Figure 3-5 illustrates four separate equipment configurations used to
inspect chalcogenide polished bulk discs, glass rods, extruded rods, and fibres samples in the
visible, NIR, and MIR spectral regions. The equipment configurations in Figure 3-5 (a), (b) and (c)
employed a bright, low cost NIR LED to illuminate chalcogenide glass samples, and a low-cost NIR
camera to image these samples. This combination of light source and camera offered a simple,
versatile, and cost effective solution for imaging inside the otherwise opaque chalcogenide glass
samples, as compared to an alternate method such as laser ultramicroscopy as described in
[104,105]. This non-destructive inspection was used to detect the presence of both microscopic
and macroscopic unwanted light-scattering defects including nucleated crystals; intrinsic defects
such as refractive index striae; extrinsic defects such as debris and bubbles, and other

imperfections.
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Interchangeable optical filter.

Figure 3-5: Equipment configurations used for the optical inspection of chalcogenide glass samples: (a)
and (b) glass rods and disks using visible/NIR illumination, (c) glass fibres using visible/NIR illumination,

and (d) glass fibres using MIR illumination.
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Figure 3-5 (a) and (b), illustrates the equipment configuration used for visible/NIR imaging of
polished bulk discs, glass rods (either a bare glass rod or a glass rod still inside the melt-ampoule),
and extruded rods. In this configuration, samples were illuminated with either a NIR LED (/ight
emitting diode), under-lit or backlit, item 1(a) in Figure 3-5, or with ambient, visible light. A
visible/NIR camera, item 3 (a) in Figure 3-5, was mounted orthogonally relative to the light source
through the sample to observe reflected/scattered light either in the visible or NIR spectral
regions.

Figure 3-5 (c) shows the equipment configuration used for visible/NIR imaging of fibres. In this
configuration a NIR LED, item 1 (a) in Figure 3-5, was abutted to a cleaved end of the fibre sample
while the opposite end was positioned beneath the objective lens of a microscope, item 4 in
Figure 3-5 where it could be illuminated with visible light from a tungsten lamp, item 1(b) in
Figure 3-5.

A visible/NIR camera, item 3 in Figure 3-5, attached to the microscope, was then used to image
the fibre sample either in transmission (NIR light transmitted through fibre sample due to NIR
LED) or reflection (visible light reflected from cleaved end of fibre due to the tungsten lamp).
Figure 3-5 (d), illustrates the equipment configuration used for MIR imaging of fibres. In this
configuration a MIR laser source, item 1 (c) in Figure 3-5, was launched into a cleaved end of the
fibre sample while the opposite cleaved end fibre was illuminated by a thermal light source, item
1(d) in Figure 3-5. A MIR camera, item 3 (c) in Figure 3-5, was positioned to observe the cleaved
end of the fibre sample through an interchangeable optical filter, item 9 in Figure 3-5. The fibre
sample was then imaged either in transmission (MIR light transmitted through fibre sample due

to the laser), in reflection (MIR light reflected from cleaved end of fibre), or in both reflection and
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transmission. Note, MIR inspection of SIF samples enabled direct observation of optical guiding

properties of the core of SIF samples.

3.1.2.3 Composition and structural analysis of fibres:

Imaging and compositional analysis of chalcogenide glass fibre samples was carried out using a
JEOL 6490LV SEM (scanning electron microscope) fitted with an X-Max 80 Oxford Instruments
EDX (Energy Dispersive X-ray) spectroscopy detector. Compositional measurements were
performed with an estimated + 0.5 atomic % accuracy for elements heavier than oxygen. All fibre
samples were carbon coated (Edwards Coating System) prior to either SEM imaging or SEM-EDX
measurements. Note, all SEM measurements presented in Section 3.2 were graciously performed

by PhD student Richard Crane.

3.1.2.4 MIR ellipsometry:

Refractive index dispersion measurements were performed using an IR ellipsometer (J.A.
Woollam, IR-VASE Mark Il). These measurements were performed on annealed, disc shaped
samples. Note, all presented V.A.S.E (variable angle spectroscopic ellipsometry) measurements
were performed on samples at angles of 55.00°, 65.00° and 75.00° at a measurement resolution
of 2 cm™ between the 1.55 to 40.00 um spectral region. The empirical refractive index dispersion
data was then fitted to a 2-term Sellmeier model using J.A. Woollam CompleteEASE software
(version 5.10), according to instructions in [152]. The 2-term Sellmeier model utilised was defined

by the following equation:
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AA2 Equation 3-2
n :\/(”m—m)

where ‘n’ is the refractive index, ‘€’ is an index offset, ‘A’ is the amplitude ‘B’ is the centre energy
and ‘E’ is the position of a pole in the infrared. The 2-term Sellmeier model was found capable of
fitting the 2.00 to 20.00 um spectral region for each sample evaluated in Section 3.2. However,
this model quickly became insufficient when considering the full 1.55 to 40.00 um measurement
window, which required a significantly more complex fitting model within the J.A. Woollam
CompleteEASE software. Thus, the refractive index dispersion data presented throughout Section
3.2 was intentionally truncated to the 2.00 to 20.00 um spectral region, allowing a convenient
way for anyone else to reproduce the refractive index model without requiring proprietary
software. Using the obtained refractive index dispersion model the NA (numerical aperture), was

calculated using the following equation:

Equation 3-3
NA = \/((ncore)z B (ncladding)z) quation

The ‘neore’” and ‘neadding’ are the refractive indices of the core and cladding glass compositions,
respectively. Note, all ellipsometry measurements performed were graciously aided by Dr
Nikolaos Kalfagiannis of the School of Science and Technology, Department of Physics and

Mathematics, Nottingham Trent University.
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3.2 Evaluation of chalcogenide glass:
This section presents the synthesis, fabrication, and characterisation of several chalcogenide
glass samples used in upcoming Chapters. This characterisation included absorption
spectroscopy, compositional analysis, spectroscopic ellipsometry, non-destructive evaluation
using IR imaging, and destructive evaluation. Sections 3.2.1 to 3.2.7 presents the
production/fabrication specifications, and characterisation of six different sets of chalcogenide
glass samples, each of which were subsequently used in the spectroscopy, and/or optical cavity
measurements presented in Sections 4.2 and 5.2. Section 3.2.8 presents a discussion on the
synthesis, and fabrication methodology employed in the presented work. Note the following:
i.  Glass synthesis and fabrication followed the methodology presented in Sections 3.1.1.1
and 3.1.1.2, respectively.
ii.  All bulk glass absorption measurements (see Section 7.2.1) and fibre loss (see Section
7.2.2) measurements were carried out to a 4 cm™ resolution, unless otherwise stated.
iii. All optical characterisation measurement presented were carried out at room
temperature, between 21 to 23 °C.
iv.  Several of the fibre loss spectra included insets with the corresponding bulk glass
absorption measurements overlayed using procedure described in Appendix 7.2.1.1.
v. MIR ellipsometry measurements (see Section 3.1.2.4) and carried out to a 4 cm™

resolution.
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3.2.1 Undistilled terbium cation doped samples:

Table 3-1 lists the specifications for two separate undistilled glass rods of differing composition,
a ‘Tb’ (foil) doped core glass M228REJN(RC), and an undoped cladding glass M251JN. The core
glass was drawn to single material fibre FLO3REJN(RC), while the cladding glass was extruded into
a tube EO88DF(JN). The core and cladding glass were subsequently assembled and drawn into a
SIF F105REJN via the ‘rod-in-tube’ method. Section 3.2.1.1 presents the IR absorption spectrum,
and refractive index measurements of polished bulk glass samples M228REJN(RC), and M251JN.
Section 3.2.1.2 presents the evaluation of the single material fibre F103REJN(RC), and SIF
F105REJN. Note, the SIF FI05REJN was subsequently used for optical cavity work presented in

Section 5.2.1.

Table 3-1: List of production and fabrication specifications for M228REJN(RC), M251JN, F103REIN(RC) and
FI105REJN. Note, the Tb** cation concentration calculations assumed several factors (see Section 3.2.8.2)
and thus its accuracy should not be relied upon.

Glass type: Core Cladding
Glass melt code: M228REJN(RC) M251JN
A
Nominal composition Ge,14'_8 5208 Gazo Ses24 Ge1sa.8 As20.8 Gaz.o See15 S1.0
. (undistilled) + 500 ppmw Tb . .
(atomic %) (Foil) (undistilled)
Glass density ~4.,5g/cm3 Not evaluated
Th3* concentration 8.53 x 10* cations/cm? Undoped
' The author (supervised by PhD
Produced by: student Richard Crane) The author
Fibre and cane drawing code: F103REJN(RC) Not fibre drawn
Cladding tube extrusion code: Not extruded EO88DF(JN)
SIF code: F105REJN

The glass density was estimated based on density measurements reported in [97,153,154].
SEM-EDX evaluation of a cleaved end of the SIF FIO5REJN, revealed the composition of the core

(nominally Geis.s Aszo.s Gaz.o Sesz.a atomic %) was Geisa Asz1o Gazz Ses14 atomic %, while the
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composition of the cladding (nominally Geis.s Asz0.s Gaz.o See1.5 S1.0 atomic %) was Geiss Aszi2

Gaz.2 Seso.5 So.g atomic %.

3.2.1.1 Bulk glass M228REIJN(RC) and M251JN evaluation:
Figure 3-6 shows the room temperature IR absorption spectrum for a polished M228REJN(RC)
bulk sample measured to an 8 cm™ resolution, with an inset showing the Tb3* GSA bands within

the 1.5 to 7.0 um spectral region.
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Fg>7F,
0.1 T STF, +
0.08 S, S TF, [Se-H] impurity
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Figure 3-6: Showing room temperature IR absorption spectrum of undistilled nominally 500 ppmw Tb (foil)
doped bulk M228REIN(RC) sample 1.73 mm thick, with inset showing Tb3 ground-state electronic
absorption bands within the 1.5 to 7.0 um spectral region along with unwanted host glass impurities (see
Table 2-4). Note, the as measured glass compositions, using SEM-EDX, for M228REJN(RC), is quoted in
legend.

The Tb3* doped sample exhibited several NIR and MIR GSA bands between the “Fs ground state

and the ’Fs, ’F4, 'F3, 'F2, 'F1 and “Fo excited state levels, each ostensibly peaking at 4.58 um, 2.94
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um, 2.31 um, 2.01 um, 1.89 pum, and 1.86 pum, respectively. Additionally, the (Fs = "Fo), ("Fs >
’F1), and ("Fe = ’F2) GSA overlapped each other at room temperature. The 'F¢ - “Fs GSA
overlapped the extrinsic [-Se-H] impurity vibrational absorption, while the Fs > ’F4 GSA
overlapped the extrinsic [-OH] vibrational absorption.

Figure 3-7 shows the refractive index measurements for the bulk core glass M228REJN(RC) and
bulk cladding glass M251JN samples. The core and cladding of the SIF FIO5REJN consisted of the
M228REJN(RC) and M251JN glass compositions, respectively, and thus should possess a similar

numerical aperture.

M228REJN(RC): Gess.4 Asz1.0 Gas.2 Sesr.a atomic % refractive index M251JN: Gess.3 Asz1.2 Gaz.z S€eo.5 So.g atomic % refractive index
M228REJN(RC) refractive indexmodel = eeew=e M251JN refractive index model
2.6 0.23
=+ = Numerical aperture
F105REJN(RC)
2.59 - .= 0.225

€=6.559, A=0.0515, B =1.449, E = 0.00097405

0.22

0.215

Refractive index
Numerical aperture

0.21

+ 0.205

€=6.535, A=0.0315, B=1.571, E=0.0009551

2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11
Wavelength / um

Figure 3-7: Showing refractive index dispersion of the bulk glass samples M228REJN(RC) and M251JN,

along with their calculated numerical aperture. The M228REIN(RC) and M251JN constituted the core and

cladding glass compositions, respectively, of the SIF FIO5REIN. Note, the as measured glass compositions,

using SEM-EDX, for M228REJN(RC), and M251JN are quoted in legend, and the 2-term Sellmeier model

coefficients included in annotations for refractive index measurements (see Equation 3-2).
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3.2.1.2 F103REJN(RC) and FI05REJN evaluation:

Figure 3-8 shows the attenuation spectrum for a nominally 500 ppmw ‘Tb’ foil doped undistilled
single material fibre FI03REJN(RC) with a diameter of 212 + 2.3 um and minimum optical loss of
3.61 + 0.15 dB/m at a wavelength of 6.66 um. The loss spectrum was measured to an 8 cm

resolution.

Fe > 7F, + TFg > TFg +

—— Ges.4 ASz.0 Gaz.2 Segr.a atomic % +
[-OH] impurity [-Se-H] impurity

Fe > 7F, nominally 500 ppmw Tb foil (FI03REJN(RC))

8 (—)\—\ 30 \ F103REIN(RC) boss
30 V

70 ! -.--=-=-=- F103REIN baseline

60 . M228REIN(RC)

40

5 6 7

Wavelength / pum

Optical loss/ {dB/m)

8 9 10 1

Attenuation / (dB/m)

4 [-Se-H] impurity

2 [-As-O/Ge-0]
impurity

2 25 3 35 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 105 11
Wavelength / um

Figure 3-8: Attenuation (dB/m) vs. Wavelength (um) for a nominally 500 ppmw Tb foil doped undistilled
single material fibre F103REJN(RC) with a diameter of 212 + 2.3 um, 1.96 m long with a minimum loss of
3.61 + 0.15 dB/m at 6.66 um. With inset showing absorption data from MZ228REIN(RC) sample
superimposed onto F103REIN(RC) loss spectrum. The Tb** ground-state electronic absorption and extrinsic
vibrational absorption loss due to unwanted host glass impurities are identified (see Table 2-4). Note, the
as measured composition, using SEM-EDX, for FI03REIN(RC) quoted in legend.

Considering Figure 3-7, the SIF F105REJN likely possessed a numerical aperture of around 0.210
between the 4.00 to 7.00 um spectral region. However, due to differences in thermal history

between the annealed M228REJN(RC) and M251JN bulk glass samples and the unannealed SIF
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F105REJN, the actual numerical aperture of the SIF possibly differed. Note, this is the lowest
calculated NA of all the SIF samples evaluated in the presented work. Additionally, the core of
the SIF, F1IO5REJN probably possessed a similar attenuation spectrum, to that shown in Figure
3-8, by virtue of its core being comprised of single material cane produced from the same bulk
glass rod as the fibre used for FI03REJN(RC). However, there may be additional losses in the SIF

due to differences in thermal processing and imperfections at its core/cladding interface.

The cleaved end face of a FIO5REJN SIF sample was evaluated by means of visible, NIR, and SEM
imaging, using the procedures described in Sections 3.1.2.2 and 3.1.2.3, respectively. The SIF
F105REJN(RC) exhibited good ovality of both the core and cladding, and concentricity of core, as
shown in Figure 3-9. Additionally, this SIF could be handled delicately with little fear of
unintentional breakage.

Due to the similarity of the core and cladding compositions, visible and SEM imaging struggled to
display contrast between the core/cladding interface (see Figure 3-9 (a)). Fortunately, NIR
imaging, revealed the core to be circular and centred within the cladding, as shown in Figure 3-9
(c). NIR imaging revealed striae within the cladding, and these defects were observed in several
SIF samples taken from different portions of the drawn fibre and thus spanned a significant
portion of the total SIF. The formation of the striae is discussed in Sections 3.2.8.4 and 3.2.8.6.
Additionally, SEM imaging revealed holes, as shown in Figure 3-9 (b), unfortunately due to lack
of contrast between the core and cladding the relative position of these holes was unknown.
Samples of the SIF FI05REJN were used to fabricate an optical cavity, which is further discussed

in Section 5.2.1, these samples were subjected to a peak power of 842 mW from a 2.850 um
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pump laser. Subsequent SEM imaging of the end face of the SIF after exposure to the laser
revealed a ‘goosebump’ pattern on both the core and cladding, as shown in Figure 3-9 (d). Note,
the absence of the goosebump pattern on the unexposed SIF sample in Figure 3-9 (b). The

mechanism for the formation of these features is currently unknown.

X300  50pm 10 55 SEI 20kv  X1,200 10pm 10 55 SEI

20kV  X2,500 10pm 10 50 SEI

Figure 3-9: Images of the cleaved end of a SIF FI05REIN sample with a 25 um core: (a) SEM image of
cleaved end of SIF note core/cladding interface is not apparent due to the similarity of the core and
cladding glass compositions, (b) SEM image showing holes in cleaved end of SIF (Note, SEM imaging
struggled to display contrast between the core and cladding due to their similarity, hence the position of
these holes relative to the core/cladding interface is unknown), (c) NIR image showing the core/cladding
interface along with striae in the cladding, and (d) SEM image of ‘goosebump’ patterning (small white
dots) on surface of cleaved end of SIF after being exposed to 2.85 um pump laser at 842 mW. Note, images
in Figures (a) & (b) are of the same sample, while Figures (c) & (d) are images of different samples.
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3.2.2 Undistilled cerium cation doped samples:

Table 3-2 lists the specifications for three separate undistilled glass rods of differing composition,
a ‘Ce’ (foil) doped core glass M259REZQT, and two undoped cladding glasses M260JN and
M287RC. The core glass was drawn to single material fibore FI09REZQT(RC&JN), while the two
cladding glass rods were separately extruded into two tubes EO90DF(JN) and EO93RC. The core
and cladding glass tubes were subsequently assembled and drawn into two separate SIFs
F113REZQT(JN&RC) and F130RERC via the ‘rod-in-tube’ method. Section 3.2.2.1 presents the
optical evaluation, IR absorption spectrum, and refractive index measurements of bulk
M259REZQT, M260JN and M287RC glass samples. Section 3.2.2.2 presents the evaluation of the
single material fibore FLO9REZQT(RC&JN), and SIFs F113REZQT(JN&RC) and F130RERC. Section
3.2.2.3 evaluates the photoinduced refractive-index changes on core glass M259REZQT. Note,
these photoinduced refractive-index experiments were intended as a first step towards inscribing
a FBG into chalcogenide glass. The Ce** doped bulk core glass, single material fibre and SIFs
produced were subsequently used for the PL emission measurements presented in Section
4.2.1.3.a while the SIF F130RERC was also used for optical cavity experiments presented in
Section 5.2.2.

SEM-EDX evaluation of a cleaved end of the SIF F113REZQT(JN&RC) revealed the composition of
the core (nominally Geis.o As21.0 Ga1.o Sesz.o atomic % M259REZQT) was Geis.2 As20.0 Gao.s See2.9
atomic %, while the composition of the cladding (nominally Geies.5 Asis.0 Gas.o Ses1.5 S3.0 atomic %
M260JN) was Gei17.9 As1s.4 Gas.g Sesoe oS30 atomic %. Additionally, SEM-EDX evaluation of a cleaved

end of the SIF F130RERC, which shares the same M259REZQT core glass composition, revealed
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the composition of the cladding (nominally Gez1.0 Sb1o.0 Sess.0 atomic % M278RC) was Gez1.5 Sb11.2

Ses7.3 atomic %.

Table 3-2: List of production and fabrication specifications for MZ259REZQT, M260JN, M287RC,
F109REZQT(RC&JN), F113REZQT(JN&RC) and F130RERC. Note, the Ce** cation concentration calculations
assumed several factors (see Section 3.2.8.2) and thus its accuracy should not be relied upon.

Glass type: Cladding Core Cladding
Glass melt code: M260JN M259REZQT M287RC
. e Gei6.5 Asi6.0 Gas.o Geis.0 As21.0 Gaio Sesso
Nominal composition: . Ge21.0 Sb10.0 Sess.0
(atomic %) Ses1.5 S3.0 (undistilled) + 500 (undistilled)
(undistilled) ppmw Ce (foil)
Glass density Not evaluated 4.448 g/cm3 Not evaluated
Ce3* concentration Undoped 9.56 x 108 cations /cm3 Undoped
) PhD student
Produced by: The author Dr Zhuoqi Tang Richard Crane
LT a”dcgzr: drawing |\ ot fibre drawn F109REZQT(RC&IN) | Not fibre drawn
Cladding zzgz_e"tr“s'on EO90DF(JN) Not extruded E093RC
SIF code: F113REZQT(JN&RC) ‘ F130RERC

The density of M259REQT was based on gas pycnometer measurements reported in [97].

3.2.2.1 Bulk glass M259REZQT, M260JN and M287RC evaluation:

Figure 3-10 (a) and (b) show the NIR images of the M259REZQT glass rod, obtained using the
equipment configuration in Figure 3-5 (a). These NIR images revealed two empty spherical
inclusions (bubbles) originally hidden to the naked eye. The magnification imposed by the
cylindrical chalcogenide glass rod made it difficult to measure the true diameters of these
bubbles, thus scale bars were intentionally omitted from these images. The formation of these

bubbles is discussed in Section 3.2.8.4.
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M259REZQT glass rod M259REZQT glass rod

mlwl

260JN M260JN polished

ol polished glass disc
gla

ss disc
T]’

Specks inside of
glass

M287RC glass rod

Figure 3-10: Showing: (a) & (b) NIR images of M259REZQT glass rod showing bubbles, (c) & (d) visible and
NIR image of polished M260JN sample, respectively, showing tiny specks inside of glass (Figure (d) is a
higher magnification image under NIR illumination of the sample in Figure (c)), and (e) NIR image of
M287RC glass rod showing filament. Note, the length scale on Figures (a), (b), and (e) have been
intentionally omitted due to the magnification imposed by the cylindrical glass rod.
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Figure 3-10 (d) shows the NIR images of a polished M260JN disc sample, obtained using the
equipment configuration in Figure 3-5 (b). These NIR images of the flat polished face of the
sample, revealed tiny specks, originally hidden to the naked eye. Note, these features appeared
to be evenly distributed within the glass and not on the surface, and resemble features observed
in the M285RERC glass rod shown in Figure 3-30. Figure 3-10 (e) shows the NIR images of the
M287RC glass rod, obtained using the equipment configuration in Figure 3-5 (a). These NIR
images revealed a filament within the glass. This filament must have been refractory and was
probably ceramic in origin to be capable of surviving the 900°C Melt-Quench processing of the
Ge-Sb-Se glass (see Table 7-12).

Figure 3-11 shows the room temperature absorption spectra for M259REZQT, and M260JN bulk
glass samples, with an inset showing the absorption bands within the 2 to 7 um spectral region.
Inset (a) in Figure 3-11, shows that the Ce3* doped sample exhibited a single broad MIR GSA
between the ?Fs/; ground state and its single excited state 2F7/, level. Notably, both the 2Fs/; and
2F,/2 manifolds are known to exhibit extensive Stark splitting [155—158]. Additionally, the 2Fs/> >
2F;/2 GSA overlapped both extrinsic [-Se-H] impurity vibrational absorptions at 3.5 and 4.5 um.
Inset (b) in Figure 3-11, shows the extrinsic impurity absorption bands for [-OH] at ~2.7 um, [-S-

H] at 4.1 um, and [-C-S] at 4.96 um, along with the [-Se-H] absorption bands at 3.5 and 4.5 um.
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Figure 3-11: Room temperature IR absorption spectrum of undistilled nominally 500 ppmw Ce (foil) doped
M259REZQT bulk glass sample, and M260JN bulk glass sample, with insets (a) and (b) showing Ce**
ground-state electronic absorption bands in the 2.0 to 7.0 um spectral region along with unwanted host
glass impurities (see Table 2-4) with the contributions of their respective host glass baselines removed.
Note, the as measured glass compositions, using SEM-EDX, for M259REZQT, and M260JN are quoted in
the legend.

Figure 3-12 (a) shows the refractive index measurements for the M259REZQT core glass and the
M260JN cladding glass, while Figure 3-12 (b) shows the refractive index measurements for the

M259REZQT core glass and the M287RC cladding glass.
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Figure 3-12: Showing: (a) refractive index dispersion of the bulk glass samples M259REZQT and M260JN,
along with their calculated numerical aperture. Note, M259REZQT and M260JN constituted the core and
cladding glass compositions, respectively, of the SIF F113REZQT(JN&RC), and (b) refractive index dispersion
of the bulk glass samples M259REZQT and M287RC sample, along with their calculated numerical
aperture. Note, M259REZQT and MZ287RC constituted the core and cladding glass compositions,
respectively, of the SIF F130RERC. Note, the as measured glass compositions, using SEM-EDX, for
M259REZQT, M260JN, and M287RC samples are quoted in the legend, and the 2-term Sellmeier model
coefficients included in annotations for refractive index measurements (see Equation 3-2).
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The core and cladding of the SIF F113REZQT(JN&RC) consisted of the M259REZQT and M260JN
glass compositions, respectively, and thus should possess a similar numerical aperture to that
calculated in Figure 3-12 (a). Similarly, the core and cladding of the SIF FI30RERC consisted of the
M259REZQT and M287RC glass compositions, respectively, and thus should possess a similar
numerical aperture to that calculated in Figure 3-12 (b).

Considering Figure 3-12 (a), the SIF F113REZQT(JN&RC) likely possessed a numerical aperture of
around 0.585 between the 4.00 to 7.00 um spectral region. Conversely, the SIF F130REC likely
possessed a numerical aperture of around 0.476 between wavelengths of 4.00 to 7.00 um,
according to Figure 3-12 (b). However, due to differences in thermal history between the
annealed M259REZQT, M260JN, and M287RC bulk glass samples and the unannealed SIF

F113REZQT(JN&RC) and F130RERC, the actual numerical aperture of each SIF possibly differed.

3.2.2.2 F109REZQT9RC&JN), F113REZQT(JN&RC) and F130RERC evaluation:

Figure 3-13 shows the attenuation spectrum for a nominally 500 ppmw ‘Ce’ foil doped, undistilled
single material fibre FI09REZQT(RC&JN) with a diameter of 245.0 + 8.3 um, and a minimum
optical loss of 2.23 + 0.03 dB/m at a wavelength of 6.90 um (measured to an 8 cm™ resolution).
The core of both SIFs, F113REZQT(JN&RC) and F130RERC, probably possessed a similar
attenuation spectrum, to that shown in Figure 3-13, by virtue of their cores being comprised of
single material cane produced from the same bulk glass rod as the FI09REZQT(RC&JN). However,
as both SIFs went through different thermal processing there may be additional losses coupled

with imperfections at their core/cladding interfaces.
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Figure 3-13: Attenuation (dB/m) vs. Wavelength (um) for a nominally 500 ppmw Ce (foil) doped, undistilled
single material fibre FI09REZQT(RC&JN) with a diameter of 245.8 + 8.3 um, 2.75 m long with a minimum
loss of 2.23 + 0.03 dB/m at 6.90 um. With inset showing absorption data from M259REZQT sample
superimposed onto FI09REZQT(RC&JIN) loss spectrum. The Ce* ground-state electronic absorption and
extrinsic vibrational absorption loss due to unwanted host glass impurities are identified (see Table 2-4).
Note, the as measured glass composition, using SEM-EDX, for FI09REZQT(RC&JN) quoted in legend.

The cleaved end face of a F113REZQT(JN&RC) SIF sample was evaluated by means of visible, NIR,
and MIR imaging, using the procedures described in Section 3.1.2.2. This SIF exhibited good
ovality of both the core and cladding, and concentricity of core, as shown in Figure 3-14.
Additionally, this SIF could be handled delicately with little fear of unintentional breakage.

NIR imaging of the F113REZQT(JN&RC) sample shown in Figure 3-14 (b), obtained using the
equipment configuration in Figure 3-5 (c) viewed in transmission, revealed the core to be circular
and centred within the cladding, it also revealed an unusual dark ring around the core along with
striae within the cladding, as shown in Figure 3-14 (b) and (c). The formation of the striae is

discussed in Sections 3.2.8.4 and 3.2.8.6.
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Figure 3-14: Images of the cleaved end of a SIF F113REZQT(JN&RC) sample with a ~21 um core and 22 cm
long, viewed in: (a) reflection with visible illumination, (b) transmission with NIR illumination (c)
transmission with NIR illumination at higher magnification, (d) reflection through a 4.203 um LWP filter
while under broadband illumination, (e) transmission/emission through a 4.203 um LWP filter while
illuminating the sample from the opposite end with a 4.15 um laser and (f) Intensity map of Figure (e) with
transmitted/emission light > 4.203 um. Note, all images presented are of the same SIF sample.
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The ‘ring’ was observed on several different samples, taken from different sections of the SIF
drawing drum and thus spanned a significant portion of the total SIF. The ‘ring’ portion of the SIF
was evaluated with SEM-EDX and was found to possess a Ge17.9 Asis4 Gass Sesgg S3.0 atomic %
composition like the adjacent cladding glass, outside of the ring. MIR imaging of the
F113REZQT(JN&RC) sample shown in Figure 3-14 (d) and (e), obtained using equipment
configuration in Figure 3-5 (d) with a 4.15 um pump laser viewed in reflection/transmission,
revealed the SIF to be unable to guide light within its core. Troublingly, both 4.15 um QCL light
and Ce3* PL due to the %F7/2 > 2Fs/> radiative transition were found propagating in the cladding,
as illustrated by the intensity map in Figure 3-14 (f). Moreover, MIR imaging of additional SIF
samples, as short as 2.53 cm long, yielded similar results. Interestingly, the core glass,
F109REZQT(RC&JN), was also used in the SIF F130RERC, while the cladding glass M260JN was also
used in the SIF F122REJN, and both SIFs were able to guide light in their cores. Thus, the poor
optical guiding properties of the SIF F113REZQT(JN&RC) was most likely due to the unusual dark
ring at the core/cladding interface, and not due to the composition of either the core or cladding
glass. The mechanism for the formation of this ‘ring’ or how it prevented the core from guiding
light, while also not guiding light itself, are currently unknown.

The cleaved end face of a F130RERC SIF sample was evaluated by means of visible, and SEM
imaging, This SIF exhibited good ovality of the core, good handleability, and concentricity of core,
as shown in Figure 3-15. SEM imaging revealed the core to be circular and centred within the
cladding, as shown in Figure 3-15 (a) and (b). Additionally, Figure 3-15 (c) shows visible imaging
of a F130RERC SIF sample, obtained using the equipment configuration in Figure 3-5 (c) viewed

in reflection, which revealed a prominent hole at the core/cladding interface. Several samples

65



Chapter 3: Synthesis and evaluation of chalcogenide glasses

were subsequently cleaved from sections of the SIF adjacent to the initial cleave and visible
imaging revealed that the initially observed hole spanned over a metre in length inside the fibre.
The location of these features, at the core/cladding interface, indicated a void/bubble, between
the core and cladding, was elongated during fibre drawing. This void was most likely inadvertently

introduced during the ‘rod-in-tube’ assembly process (see Section 7.1.12).

Surface
debris

20KV X370 BO0pm 10 50 SEI

Figure 3-15: SEM images of cleaved end of SIF F130RERC with 19 um diameter core (a) image of SIF
showing extraneous surface debris (b) image showing core/cladding interface and (c) visible image of SIF
F130RERC with approximately 9 um core showing a prominent hole at core/cladding interface which
spanned over a metre in length inside the fibre (Note core/cladding interface has been outlined in red).
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3.2.2.3 Photoinduced refractive-index changes:

The M259REZQT bulk glass sample, used for the room temperature IR absorption spectrum
shown in Figure 3-11, had five separate sections of its surface, R1 to R5 shown in Figure 3-16,
written into using the parameters described in Table 3-3. Note, this laser writing was kindly
carried out by a collaborator of the Mid-Infrared Photonics Group Dr Kaiming Zhou at Aston
University. The end face of the M259REZQT bulk glass sample was evaluated by means of visible
and NIR imaging, using the procedures described in Section 3.1.2.2. Figure 3-17, shows the
written sections of the M259REZQT sample obtained using the equipment configuration in Figure
3-5 (c).

These photoinduced changes were found to be permanent, at room temperature, and the
characteristics of these features could be manipulated via the laser writing process (see Table
3-3). Each area evaluated was comprised of lines spaced approximately 6 um apart, which were
comprised of overlapping spots spaced approximately 2 um apart. Undesirable surface debris
was generated due to volatilisation of the glass sample during laser scanning on sections R1, R2
and R3. Conversely, the scanning parameters used for the R4 and R5 sections produced no
surface damage, indicating the importance of the scan depth parameter (see Table 3-3).
Importantly, these permanent photoinduced changes to the refractive index were intended as a

first step towards inscribing grating structures, such as FBG’s, into RE3* doped chalcogenide glass.
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Figure 3-16: Showing visible image of M259REZQT sample, laser writing process, with the sections labelled
R1 to R3 visible, along with sections R4 and R5 outlined. Note, image was taken adjacent to a ruler with %
mm gradations for scale.

Table 3-3: Specification of laser writing process used on M259REZQT glass sample shown in Figure 3-16.

Laser Pulse Scan
. R Depth /
Section Area / mm energy duration | parameters / m Comments
/W /fs (mm/sec) H
R1 3x3 1.72 160 ) 0 Pattern visible with 'naked eye
due to surface debris.
R2 3x3 500 170 5 15 Pattern visible with naked eye

due to surface debris.

Pattern visible with naked eye
R3 4x4 1.70 170 2 15 due to significant amounts of
surface debris.

Pattern was not visible to naked
eye.

R4 3x3 2.00 170 1 30

Pattern was not visible to naked
eye.

R5 3.7x2.5 1.70 170 1 30

Note, a 6 um line spacing was used for each section.
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Figure 3-17: Images of sections of M259REZQT bulk glass after laser writing showing images of: (a) & (b)
R1 section viewed in visible and NIR illumination, respectively, (c) & (d) R2 section viewed in visible and NIR
illumination, respectively, (e) & (f) R3 section viewed in visible and NIR illumination, respectively, (g) R4
section viewed under NIR illumination and (h) R5 section viewed under NIR illumination. Note, the pattern
in the R4 and R5 sections was not visible, thus visible images were omitted.
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3.2.3 Vacuum distillation of undoped chalcogenide glass:

The undistilled bulk glass M273REJN of nominal composition: Geis2 Asz12 Sesss + 1000 ppmw
TeCls was produced by the author, then further purified via vacuum distillation (DO46JN). This
undoped, distilled glass was then used to produce three separate bulk glass compositions
M274REIN, M275REJIN, and M276REJN which were evaluated in Sections 3.2.4 and 3.2.5.
During the distillation procedure, eight temperature zones, in the distillation rig were subjected
to concurrent heating schedules as shown in Figure 3-18 (a). The heating schedule used for the
distillation process, shown in Figure 3-18 (b), was sub-divided into the following subsections:

e Distillation rig bake out: The ‘Link 2’, ‘Distillate 1’, ‘Distillate 2’, ‘Coil’, ‘Link 1A’, and ‘Link1B’

temperature zones of the distillation rig were subjected to a bake-out at ~ 600 °C for ~ 1 hour
to remove any undistilled glass dust that may have reached these sections during the
batching and sealing steps described in Appendix 7.1.6.

e HCI bake-out: Each temperature zone on the distillation rig was subjected to a bake-out at
around 300 °Cfor ~11 hours to allow outgassing of any HCl gas produced from the TeCls getter
incorporated into the M273JN chalcogenide glass, see Equation 7-3.

e Distillation of glass: The ‘Charge 1’ and ‘Charge 2’ temperature zones were heated to ~ 500

°C for ~ 1.3 hours to bring the glass in the charge chamber above its liquidus and start the
distillation process. Concurrently, the ‘Link 1A’, ‘Link 1B’ and ‘coil’ temperature zones were
heated to ~ 600 °C to prevent the accumulation of any glass distillate in this region. The
‘Distillate 1’, and ‘Distillate 2’ temperature zones were kept ~ 300 °C to allow the distilled
chalcogenide glass to deposit in the distillation chamber while being sufficiently hot to

discourage volatile impurities from condensing in this section. Additionally, the ‘Link 2" was
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kept ~ 300 °C to deter volatile impurities from condensing too close to the distillation

chamber. The temperature of the ‘Charge 1’ and ‘Charge 2’ temperature zones was further

increased to 700 °C for ~ 1 hour, to complete the distillation leaving only the Al metal getter

residue in the charge chamber.
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Figure 3-18: Showing (a) lllustration of silica glass distillation rig used for distillation of undoped
chalcogenide glass with temperature zones identified, and (b) Heating schedule used for the distillation of
M273JN, showing eight temperature zones on distillation rig.
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The link 1 and link 2 tubes were sealed, as illustrated in Figure 7-9 (e). The distilled glass was then
subjected to the standard melt/quench process to homogenise the glass.

Glass distillation, using the process described in Section 7.1.6, encompassed an approximately
16.5-hour long procedure, as shown in Figure 3-18. This process distilled the Ge-As-Se glass in
the charge chamber only once, causing it to be condensed mostly in the distillation chamber, as
illustrated in Figure 7-9 (a). Imprecise temperature control made it difficult to completely prevent
some of the more volatile constituents of the glass from condensing in the ‘link 2’ tube, to form
an ‘Se’ rich film (see Table 2-3). The ‘link 2’ tube was subsequently removed during the oxy
propane sealing step (see Appendix 7.1.6). This caused in an ‘Se’ deficiency in the resulting
distilled glass composition, as evident by the SEM-EDX measurements presented in Section 3.2.4.
The shortcomings of this equipment configuration are discussed in Section 3.2.8.3. The resulting
distilled glass was then broken into cullet and re-batched into three new 10/14 silica glass
ampoules, as shown in Figure 3-19. Subjectively, the best chunks of glass were reserved for both

M274REJN, and M275REJN, while the remaining glass powder was used for M276REJN.
M274REJN: Nominally Ge,, ; As,, ; Ga, , Se, , atomic %
+1000 TeCl, + 500 ppmw Tb (foil). Note the best quality

pieces of distilled glass were selected and batched into
an ampoule.

M275REJN: Nominally Ge ., As,, , Se,, . atomic % +

L
o 1000 TeCl, + 300 ppmw Tb (foil). Note good quality
- pieces of distilled glass were selected and batched

into an ampoule.

#M276REIN: Nominally Ge,, ; As), 4 Ga, , Se, , atomic %

— +1000 TeCl, + 500 ppmw Pr (foil). Note small pieces of
distilled glass, inclusive of dust selected and batched
into an amnouile.

Figure 3-19: Image of M274REJN, M275REJN and M276REJN glass samples prior to remelting.
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3.2.4 Distilled terbium cation doped samples:

Table 3-4 lists the specifications for two separate glass compositions, a ‘Tb’ (foil) doped distilled
core M274REJN, and an undoped, undistilled cladding glass M260JN. The core glass was drawn
to single material fibre F116REJN while the cladding glass was extruded into a tube EOSODF(JN).
The core and cladding glass were subsequently assembled and drawn into a SIF F122REJN via the
‘rod-in-tube’ method. Section 3.2.4.1 presents the IR absorption spectrum, and refractive index
measurements of polished bulk M274REJN, and M260JN glass samples. Section 3.2.4.2 presents
the evaluation of the single material F116REJN, and SIF F122REJN. The ‘Tbh’ cation doped single
material fibre produced was subsequently used for the PL emission and ESA measurements

presented in Section 4.2.4.

Table 3-4: List of production and fabrication specifications for M274REJN, M260JN, F116REIJN and
F122REJN. Note, the Tb** cation concentration calculations assumed several factors (see Section 3.2.8.2)
and thus its accuracy should not be relied upon.

Glass type: Core Cladding
Glass melt code: M274REJN (DO46JN) M260JN
Nominal composition: . §e14_g As208 Gazo Ses24 Ge16.5 As16.0 Gas.o See1.5 S3.0
(atomic %) (distilled) + 1000 ppmw TeCls + (undistilled)
500 ppmw Tb (foil)
Glass density ~4.5g/cm? Not evaluated
Tb3* concentration 8.53 x 108 cations/cm?3 Undoped
Produced by: The author The author
Fibre and cane drawing code F116REJN Not fibre drawn
Cladding tube extrusion code: Not extruded E0O90DF(JN)

SIF code: F122REJN

The glass density was estimated based on density measurements reported in [97,153,154].

SEM-EDX evaluation of the SIF F122REJN revealed the composition of the core (nominally Geis.s

Asz0s Gazo Sesza atomic % M274REIN) was Geizo Aszza Gazs Sesyzi atomic %, while the
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composition of the cladding (nominally Geis.s Asi6.0 Gaz.o Ses1.5 S3.0 atomic % M260JN) was Geiz.o
Asis.4 Gasg Sesog S3.0 atomic %. The ‘Se’ deficiency in the distilled M274REJN glass composition

was due to excessive loss of ‘Se’ rich material within the distillation rig, during distillation.

3.2.4.1 Bulk glass M274REJN and M260JN evaluation:
Figure 3-20 shows the room temperature IR absorption spectrum for a polished bulk M274REJN
sample, with an inset showing the Th3* GSA bands from the 1.5 to 7.0 um spectral region. Note,

the M260JN absorption spectrum can be seen in Figure 3-11.
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Figure 3-20: Showing room temperature IR absorption spectrum of distilled nominally 500 ppmw Tb (foil)
doped bulk M274REIN sample 2.174 mm thick, with inset showing Tb** ground-state electronic absorption
bands from bulk sample in the 1.5 to 7.0 um spectral region with the contributions of their respective host

glass baselines removed. Note, the as measured glass composition, using SEM-EDX, for M274REJN quoted
in legend.
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The inset in Figure 3-20 shows that the Tb3* doped sample exhibited several NIR and MIR GSA
bands along with extrinsic impurity vibrational absorption bands like those observed in Section
3.2.1.1.

Figure 3-21 shows the refractive index measurements for the as measured distilled bulk core
glass M274REJN and the undistilled bulk cladding glass M260JN. The core and cladding of the SIF
F122REJN consisted of the M274REJN and M260JN glass compositions, respectively, and thus

should possess a similar numerical aperture to that calculated in Figure 3-21.

M274REIN: Geq7.0 ASz3.4 Gaz.s Sesy.1 atomic % refractive index M260JN: Geq7.0 Asis.a Gas.s Sese.9 S3.0 atomic % refractive index

M274REIN refractive indexmodel = eeee. M260JN refractive index model

=« = Numerical aperture

€=6.481, A=0.01, B=1.58915, E = 0.00084669
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Figure 3-21: Showing refractive index dispersion of the bulk glass samples M274REJN and M260JN, along
with their calculated numerical aperture. Note, M274REJN and M260JN constituted the core and cladding
glass compositions of the SIF F122REJN. Additionally, the as measured glass composition, using SEM-EDX,
for M274REJN, and M260JN quoted in legend, and 2-term Sellmeier model coefficients have been included
in annotations for refractive index measurements (see Equation 3-2).
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3.2.4.2 F116REJN and F122REJN evaluation:
Figure 3-22 shows the attenuation spectrum for a distilled nominally 500 ppmw ‘Tb’ foil doped
single material fibre F116REJN with a diameter of 220 £ 10 um with a minimum optical loss of

2.32 +0.40 dB/m occurring at 6.67 um.
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Figure 3-22: Attenuation (dB/m) vs. Wavelength (um) for a nominally 500 ppmw Tb (foil) doped, distilled
single material fibre F116REJN with a diameter of 220 + 10 um, 4.26 m long with a minimum loss of 2.32
+0.40 dB/m at 6.67 um. With inset showing absorption data from M274REJN sample superimposed onto
F116REJN loss spectrum. The Tb** ground-state electronic absorption and extrinsic vibrational absorption
loss due to unwanted host glass hydride, hydroxide, and oxide impurities are identified (see Table 2-4).
Note, the as measured composition, using SEM-EDX, for F116REJN quoted in legend.

Considering Figure 3-21, the SIF F122REJN likely possessed a numerical aperture of around 0.47
between the 4.00 to 7.00 um spectral region. However, due to differences in thermal history
between the annealed M274REJN and M260JN bulk glass samples and the unannealed SIF

F122REJN, the actual numerical aperture of the SIF possibly differed. Additionally, the core of the
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SIF, F122REJN probably possessed a similar attenuation spectrum to that shown in Figure 3-22,
by virtue of its core being comprised of single material cane produced from the same bulk glass
rod as the fibre used for F116REJN. However, there may be additional losses in the SIF due to
differences in thermal processing and imperfections at its core/cladding interface.

The cleaved end face of a F122REJN SIF sample was evaluated by means of visible, NIR, and MIR
imaging, using the procedures described in Section 3.1.2.2. This SIF exhibited good ovality of both
the core and cladding, and concentricity of the core, as shown in Figure 3-23. Additionally, this
SIF could be handled delicately with little fear of unintentional breakage.

Note, the same SIF sample with a 15 um core and 27 cm long was evaluated for the images
presented in Figure 3-23 (a) to (e). Figure 3-23 (b) and (c) show NIR imaging of the SIF sample,
obtained using the equipment configuration in Figure 3-5 (c), viewed in transmission. This
imaging revealed cord and striae within the cladding, and the trifold symmetry of the cladding,
due to the three-hold spider die used during extrusion (see Appendix 7.1.8), was also observed.
Figure 3-23 (d) and (e) show MIR imaging of the SIF sample, obtained using the equipment
configuration in Figure 3-5 (d) using a 1.94 um pump laser, and viewed through a 4.203 long wave
pass filter in reflection/transmission, and transmission, respectively. This imaging revealed the
F122REJN SIF was capable of guiding light within its core. Tb3* PL due to the Fs—>’Fs radiative
transition, with a wavelength > 4.203 um was found propagating predominantly in the core, as
illustrated by the intensity map in Figure 3-23 (f). Note, visible, NIR and MIR imaging was also
performed on other SIF F122REJN samples, with core diameters of ~10 um, ~20 um, ~25 um and
~30 um, these were all found capable of guiding light within their respective cores. Additionally,

several prominent holes at the core/cladding interface were also found in the SIF F122REJN.
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Figure 3-23: Images of the cleaved end of a SIF F122REJN sample with a ~15 um core and 27 cm long
viewed in: (a) reflection with visible illumination, (b) transmission under 940 nm NIR illumination, (c)
transmission under 940 nm NIR illumination at higher magnification, (d) through 4.203 um LWP filter
illuminated with both broadband globar, and 1.940 um pump laser in reflection/ transmission, (e) through
a 4.203 um LWP filter while illuminated in transmission with 1.940 um laser (Note, the circumference of
the cladding was outlined in red), and (f) showing intensity map of Figure (e) with light
transmitted/emitted at wavelengths >4.203 um. Note, all images presented are of the same SIF F122REIN
sample, also please refer to Section 3.1.2.2 for clarification on imaging configurations employed.
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3.2.5 Distilled terbium and praseodymium cation doped samples:

Table 3-5 lists the specifications for two separate distilled glass rods of differing composition, a
‘Tb’ (foil) doped glass M275REJN, and a ‘Pr’ (foil) doped glass M276REJN. Both glass rods were
then individually drawn to single material fibre F120REJN and F119REJN. Section 3.2.5.1 presents
the IR absorption spectrum measurements of polished bulk M275REJN and M276REJN glass
samples. Refractive index, and SEM-EDX measurements were not performed on these
compositions. Section 3.2.5.2 presents the evaluation of the single material fibres F120REJN and
F119REJN. Note, both the Pr3* and Tb3* doped single material fibres were used for PL emission

measurements presented in Sections 4.2.2 and 4.2.4,respectively.

Table 3-5: List of production and fabrication specifications for M275REJN, M276REJN, F119REJN, and
F120REJN. Note, the dopant concentration calculations assumed several factors (see Section 3.2.8.2) and
thus its accuracy should not be relied upon.

Glass melt code M275REJN (DO46JN) M276REJN (D046JN)
e e e . Geis.2 Aso12 Sees s (distilled) + . G'614.8 Asz0.8 Gaz.o Sesr.4
(atomic %) 1000 ppmw TeCls + 300 (distilled) + 1000 ppmw TeCla
ppmw Tb (foil) + 500 ppmw Pr (foil)
Glass density ~4.45 g/cm?3 ~4.5 g/cm3
Dopant concentration 5.06 x 108 cations/cm3 9.62 x 10%8 cations/cm?
Produced by: The author The author
Fibre and cane drawing code F120REJN F119REJN

The glass densities were estimated based on density measurements reported in [97,153,154].

3.2.5.1 Bulk glass M275REIN and M276REJN evaluation:
Figure 3-24 shows the room temperature IR absorption spectra for a polished bulk M275REJN
and a M276REJN sample, with an inset showing the Tb3* and Pr3* GSA bands from the respective

samples in the 1.0 to 7.0 um spectral region. Inset (a) in Figure 3-24 shows that the Pr3* doped
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sample exhibited several NIR and MIR GSA bands between the 3H,4 ground state and the 3Hs, 3H,
3F,, 3Fs, 3F4 and 1G4 excited state levels each ostensibly peaking at 4.75 um, 2.44 um, 2.03 pum,
1.60 pum, 1.49 um, and 1.03 um, respectively. The (3Hs > 3Hg) and (3Hs > 3F2) GSA bands

overlapped each other, while the (3Hs4 > 3F3) and (3Hs = 3F4) GSA bands overlapped each other.
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Figure 3-24: Showing room temperature IR absorption spectra of distilled nominally 300 ppmw Tb (foil)
doped bulk M275REIN glass sample 2.790 mm thick and a distilled nominally 500 ppmw Pr (foil) doped
bulk M276REJN glass sample 2.533 mm thick, with insets (a) & (b) showing the respective Tb** and Pr3*
ground-state electronic absorption bands from each bulk sample in the 1.0 to 7.0 um spectral region with
the contributions of their respective host glass baselines removed.
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Inset (b) in Figure 3-24 shows that the Tb3* doped sample exhibited several NIR and MIR GSA
bands like those observed in Section 3.2.1.1. Notably, the absence of ‘Ga’ in the M275REJN
composition had negligible effect on the Tb3* GSA peaks, except the apparent shift in the 'Fg >

’Fs GSA to 4.52 pum.

3.2.5.2 F119REJIN and F120REJN evaluation:

Figure 3-25 (a) shows the attenuation spectrum for the distilled nominally 300 ppmw ‘Tb’ foil
doped single material fibre F120REJN with a diameter of 225.3 £ 4.1 um with a minimum optical
loss of 1.81 + 0.29 dB/m at a wavelength of 6.58 um. Note, this is the lowest minimum optical
loss of all the single material fibres evaluated in the presented work. However, the attenuation
in the NIR spectral region for F120REJN was significantly higher than its FI16REJN counterpart
(see Figure 3-22), which contained ‘Ga’ as a co-solubilizer for the ‘Th’ dopant. This significant
increase in attenuation at shorter wavelengths was most likely due to poor solubility of the ‘Tb’
dopant in the host glass, owing to the absence of ‘Ga’ in the glass composition causing additional
Rayleigh or Mie scattering. The influence of the ‘Ga’ co-solubilizer is discussed in Section 3.2.8.1.
Figure 3-25 (b) shows the attenuation spectrum for the distilled nominally 500 ppmw ‘Pr’ foil
doped single material fibre F119REJN with a diameter of 215.6 £ 4.0 um, 1.89 m long, with a
minimum optical loss of 6.42 + 0.20 dB/m at 6.53 um. This minimum loss was significantly higher
than its F116REJN counterpart (see Figure 3-22), which shared an identical nominal host glass
composition. This discrepancy was most likely due to the inferior glass cullet and powder used
during batching, as shown in Figure 3-19. Additionally, this single material fibre exhibited good

ovality and could be handled delicately with little fear of unintentional breakage.
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Figure 3-25: Showing (a) the Attenuation (dB/m) vs. Wavelength (um) for a nominally 300 ppmw Tb foil
doped, distilled single material glass fibre F120REJN with a diameter of 225.3 + 4.1 um, 3.93 m long with
a minimum loss of 1.81 + 0.29 dB/m at 6.58 um, and (b) shows the MIR attenuation spectrum of a
nominally 500 ppmw Pr foil doped, distilled single material glass fibre F119REJN, with a diameter of 215.6
+ 4.0 um and 1.89 m long with a minimum loss of 6.42 + 0.20 dB/m at 6.53 um. With inset showing
absorption data from M276REJN sample superimposed onto F119REJN loss spectrum. The Tb* and Pr3*
ground-state electronic absorption and extrinsic vibrational absorption loss due to unwanted host glass
impurities are identified (see Table 2-4). Note, nominal glass compositions for each fibre quoted in legend.
Note, nominal glass composition quoted in legend.
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3.2.6  Undistilled cerium and dysprosium cation doped co-extrusion:

Table 3-5 lists the specifications for two separate undistilled glass rods of differing composition,
a ‘Ce’ (foil) doped core glass M293REJN and a ‘Dy’ (foil) doped cladding glass M295REJN. Polished
discs of both the core and cladding glass were then co-extruded into a single step index glass rod
E0O94REDF(JN). Section 3.2.6.1 presents the optical evaluation and IR absorption spectrum
measurements of bulk M293REJN and M295REJN glass samples. Refractive index, and SEM-EDX
measurements were not performed on these compositions. Section 3.2.6.2 presents the
evaluation of the co-extruded rod EO94REDF(JN). Note, this co-extruded rod EO94REDF(JN) was
planned as an intermediary stage in the fabrication of a SIF, however due to time limitations this
objective was not fully achieved. This co-extrusion was intended as a first step to produce a high-
quality SIF to address several issues encountered during optical cavity experiments (see Section
5.2.2). Additionally, the ‘Dy’ dopant was included in the cladding to investigate the feasibility of

cladding pumping the ‘Ce’ doped core with Dy3* PL, which is explored in Section 4.2.5.3.a.

Table 3-6: List of production and fabrication specifications for M293REJN and M295REJN. Note, the dopant
concentration calculations assumed several factors (see Section 3.2.8.2) and thus its accuracy should not
be relied upon.

Glass type: Core Cladding
Glass melt code: M293REJN M295REJN
e e 1 e Geia.8 As20.8 Gaz.o See.4 Geie.5 As16.0 Gas.o See1s5 S3.0
. (undistilled) + 500 ppmw Ce | (undistilled) + 500 ppmw Dy
(atomic %) ) .
(foil) (foil)
Glass density: ~4.5 g/cm? ~4.5 g/cm?
Dopant concentration: 9.67 x 10'8 cations/cm3 8.34 x 10'8 cation/cm?3
Produced by: The author The author
Co-extruded glass rod code: EO94REDF(JN)

The glass densities were estimated based on density measurements reported in [97,153,154].
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3.2.6.1 Bulk glass M293REJN and M295REJN evaluation:
Figure 3-26 shows visible and NIR images of the M293REJN glass rod, gradations were carefully
scored into the surface of the glass rod at 5 + 0.25 mm intervals to act as a rudimentary scale, as

shown in Figure 3-26 (a) and (b).

5+0.25mm

gradations on
surface of
glass rod

5+0.25 mm
gradations on
surface of
glass rod

|
Diameter of M293REIN glass rod

Debris on inner
surface of bubble

Figure 3-26: Images of M293REIN glass rod showing: (a) glass rod surface with 5 + 0.25 mm gradations
scored into surface while viewed under visible illumination, (b) bubble inside of glass rod while viewed
under NIR illumination (surface gradations also visible), (c) bubble inside of glass rod viewed under NIR
illumination along with debris on inner surface of bubble, and (d) possible crystals formed in the vicinity of
the bubble (these crystals are also visible in Figures (b) & (c)). Note, the length scale on Figures (c), and (d)
have been intentionally omitted due to the magnification imposed by the cylindrical glass rod.
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NIR evaluation of the M293REJN glass rod, obtained using the equipment configuration in Figure
3-5 (a), revealed a single bubble originally hidden to the naked eye, as shown in Figure 3-26 (b).
The formation of bubbles is discussed in Section 3.2.8.4. Under closer examination the bubble
appeared to have debris on its inner surface, as shown in Figure 3-26 (c). Additionally, NIR imaging
revealed what may have been crystals formed in the vicinity of the bubble, as shown in Figure
3-26 (d). Note, these crystals were visible in Figure 3-26 (b) and (c), and they seem to have formed
relatively close to the surface of the glass rod. The magnification imposed by the cylindrical glass
rod made it difficult to measure the true dimensions of some of the observed features, thus scale

bars were intentionally omitted from Figure 3-26 (c) and (d).

Figure 3-27 shows the room temperature IR absorption spectra for polished bulk M293REJN and
M295REJN samples. Inset (a) in Figure 3-27, shows that the Ce3* doped sample exhibited a single
broad 2Fs/2 = 2F7/2 MIR GSA along with extrinsic impurity vibrational absorption bands like those
observed in Section 3.2.2.1.

Inset (b) in Figure 3-27, shows that the Dy3* doped sample exhibited several NIR and MIR GSA
bands between the ®His;; ground state and ®Hisjz, ®Hi1/2, and (®Hgjz, ®F11/2) excited state levels
each ostensibly peaking at 2.85 um, 1.71 um, and 1.31 pum respectively. The ®His/2 = ®His/2 GSA
overlapped the extrinsic [-OH] impurity vibrational absorption, while the extrinsic vibrational
absorption for; [-S-H] at 4.1 um, and [-C-S] at 4.96 um, along with the [-Se-H] absorption bands

at 3.5 and 4.5 um can be observed.
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Figure 3-27: Room temperature IR absorption spectra of an undistilled nominally 500 ppmw Ce(foil) doped
bulk M293REJN glass sample 2.533 mm thick and an undistilled nominally 500 ppmw Dy (foil) doped bulk
M295REIN glass sample 2.594 mm thick, with insets (a) and (b) showing Ce** and Dy** ground-state
electronic absorption bands from each bulk sample in the 1 to 7.0 um spectral region with the contributions
of their respective host glass baselines removed. Note, the respective Ce** and Dy>* ground-state electronic
absorption bands from each bulk sample are also identified along with unwanted host glass impurities (see
Table 2-4).

3.2.6.2 Evaluation of M293REJN and M295REIN co-extrusion:
Polished samples for both the core glass M293REIN (5.54 mm thick), and the cladding glass
M295REJN (5.31 mm thick), were stacked and co-extruded, using the procedure described in

Appendix 7.1.9. The resulting co-extruded step-index rod is shown in Figure 3-28.
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Figure 3-28: Showing: (a) image of co-extruded rod EO94REDF(IN) after extrusion (M293REJN was 5.54
mm thick, and M295REJN was 5.31 mm thick prior to co-extrusion), (b) NIR image of core ~ 13 mm from
start of co-extrusion, (c) NIR image of segment cross section originally ~20.1 mm from start of extrusion,
(d) visible image of segment cross section originally ~20.1 mm from start of extrusion showing holes at
core/cladding interface, (e) NIR image of segment cross section originally ~50.8 mm from start of
extrusion, and (f) visible image of segment cross section originally ~50.8 mm from start of extrusion
showing core/cladding interface. Note, within Figure (b) the core glass appears to occupy entire diameter
of extrusion due to the magnification imposed by the cylindrical glass rod, and NIR images in Figures (b),
(c) and (e) were taken adjacent to a ruler with % mm gradations for scale.
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The resulting step index co-extruded glass rod EQ94REDF(JN) had an outer diameter of
approximately 3.2 mm, and was approximately 207 mm long, inclusive of material remaining
inside the die barrel, as shown in Figure 3-28 (a). NIR evaluation of the EO94REDF(JN) glass rod,
shown in Figure 3-28 (b), obtained using the equipment configuration in Figure 3-5(a), revealed
the introduction of the core glass material into the extrusion around 13 mm from the start of the
co-extruded rod. Note, the core glass appeared to have the same 3.2 mm diameter as the
extruded rod due to the magnification imposed by the cylindrical glass rod.

The EO94REDF(JN) extruded rod was subsequently cut into 10 + 0.25 mm long segments. Both
end faces, of each segment, were then polished to a 1 um finish. Using NIR imaging, the diameter
of the core along the length of the co-extruded rod was measured, as shown in Figure 3-28 (c)
and (e), and obtained using equipment configuration in Figure 3-5 (b). These segments were then
visually inspected under a microscope to detect holes and any other defects.

Figure 3-29 shows the measured core diameter relative to the cladding diameter for each
segment of the co-extruded glass rod plotted against their initial distance from the start of the
co-extrusion relative to the total extrusion length. Co-extrusion of the core glass M293REJN and
the cladding glass M295REJN produced a straight, step index glass rod EO94REDF(JN) with a
concentric core and cladding. The measured core/cladding ratio along the length of the extrusion
peaked at 88.6 %. Visible evaluation of the glass rod segments revealed the presence of bubbles
at the core/cladding interface, see Figure 3-28 (d) and (f), the abundance of these bubbles
decreased along the length of the extruded rod. A significant reduction in the number of bubbles
between 9.7 % to 18.9 % of the total co-extrusion length was observed, beyond which bubbles

were infrequent and small, but were not eliminated. Note, these observations agree with the
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findings and predictions found in [159,160]. These bubbles were possibly due to residual
impurities on the mating surfaces of the core and cladding bulk glass samples prior to extrusion.
The Isopropanol used in the final cleaning stage prior to extrusion possibly contributed to the

volatile impurities on the mating surfaces. This issue is discussed further in Section 3.2.8.5.
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Figure 3-29: Diameter of core as percentage of cladding vs distance from start of extrusion as percentage
of total extruded rod for the EO94REDF(IN) glass rod. Note quoted distances of segments relative to the
start of extrusion measured with an accuracy of + 0.25 mm or + 0.12 % of total extrusion length.
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3.2.7 Samarium and dysprosium cation doped samples:

Table 3-7 lists the specifications for two separate glass rods of differing glass composition, an
undistilled ‘Sm’ (foil) doped glass M227RERC and a distilled ‘Dy’ (foil) doped glass M285REJN.
Both glass rods were then individually drawn to single material fibore FO99RERC and F125RERC.
Section 3.2.7.1 presents the optical evaluation and IR absorption spectrum measurements of bulk
M227RERC and M285REJN glass samples. Refractive index, and SEM-EDX measurements were
not performed on these compositions. Section 3.2.7.2 presents the evaluation of the single
material fibres FO99RERC and F125RERC. These two single material fibres were subsequently

used for PL emission, and ESA measurements presented in Sections 4.2.3, and 4.2.5, respectively.

Table 3-7: List of production and fabrication specifications for M227RERC and MZ285RERC. Note, the
dopant concentration calculations assumed several factors (see Section 3.2.8.2) and thus its accuracy
should not be relied upon.

Glass melt code M227RERC M285RERC
Nominal composition (atomic Ge,lg'f Sho Gaso Seer.o Geas.o Aszto Ga}_o .Se63'0 +850
%) (undistilled) + 1900 ppmw ppmw TeCls (dlstlllgd) +500
Sm (foil) ppmw Dy (foil)
Glass density ~4.6 g/cm? 4.448 g/cm?
Dopant concentration 1.84 x 10 cations/cm?3 8.24 x 10%8 cations/cm?
Produced by: PhD student Richard Crane PhD student Richard Crane
Fibre and cane drawing code FO99RERC F125RERC

Note:
e The density of M285RERC was based on gas pycnometer measurements reported in [97].

e The M227RERC glass density was estimated based on density measurements reported in

[122].
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3.2.7.1 Bulk glass M227RERC and M285RERC evaluation:
Figure 3-30 shows an NIR image of the M285RERC glass rod, obtained using the equipment

configuration in Figure 3-5 (a).

Bubbles

Figure 3-30: NIR images of M285RERC glass rod showing two bubbles, and tiny specks inside of glass rod.
Note, the length scale on has been intentionally omitted due to the magnification imposed by the
cylindrical glass rod.

NIR imaging revealed two empty spherical inclusions (the formation of bubbles is discussed in
Section 3.2.8.4.), and tiny specks originally hidden to the naked eye. These specks seemed to be

evenly distributed throughout the interior of the glass rod and appeared like those observed in
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the M260JN sample, shown in Figure 3-10 (d). This glass rod was drawn to single material fibre
F125RERC and used for the presented attenuation spectrum in Figure 3-33.

Figure 3-31 shows the room temperature IR absorption spectra for the polished bulk M227RERC
and M285RERC samples, with insets showing the Sm3* and Dy3* GSA bands for each sample,
within the 0.5 to 10 um spectral region. Inset (a) in Figure 3-31, shows that the Sm3* doped
sample exhibited several NIR and MIR GSA bands between the ®Hs/; ground state and its excited
state levels. The °Fss, ®Fs/2, ®F1/2, and ®His/» levels exhibited extensive overlapping making
identification of the individual GSA unreliable. The (®Hs/, = ®Ho/2) GSA overlapped the extrinsic [-
Se-H] impurity vibrational absorption, while the (®Hs/> = ®H11/2) GSA overlapped the extrinsic [-
OH] impurity vibrational absorption. Inset (b) in Figure 3-31, shows that the Dy** doped sample
exhibited several NIR and MIR GSA bands between the ®His/2 ground state and ®His/z, ®Hiip,
(®Ho/2, F11/2), (®H7/2, ®F9/2), and ®Hs 2 excited state levels each ostensibly peaking at 2.85 um, 1.71
pm, 1.31 um, 1.11 um, and 0.92 um respectively. Additionally, the extrinsic vibrational absorption
bands [-OH] and H,0 impurity can be observed at ~2.7 and ~6.5 um, respectively, while the ®His/,
- ®Hi3/2 GSA overlapped the extrinsic [-OH] impurity vibrational absorption, and the [-Se-H]
impurity absorption can be observed at 3.5 and 4.5 um. Notably, the extrinsic impurity vibrational
absorption bands for [-S-H] at 4.030 um, [-Se-H] at 4.500 um and [-C-S] at 4.940 um were
unobstructed by any overlapping RE3* absorptions. The [S-H] impurity vibrational absorption was
present due to the sulfur contained in the glass composition This was attributed to the sulfur
acting as a getter, preferentially sequestering hydride impurities as [-S-H], which would have

otherwise resulted in a greater [-Se-H] concentration.
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Figure 3-31: Room temperature IR absorption spectra of an undistilled nominally 1000 ppmw Sm (foil)
doped bulk M227RERC glass sample 2.74 mm thick and an undistilled nominally 500 ppmw Dy (foil) doped
bulk M285RERC glass sample 2.875 mm thick, with inset showing Sm>* and Dy** ground-state electronic
absorption bands from each bulk sample in the 0.5 to 10.0 um spectral region with the contributions of
their respective host glass baselines removed.

3.2.7.2 FO99RERC and F125RERC evaluation:

Figure 3-33 shows the attenuation spectrum obtained from an undistilled nominally 1000 ppmw

‘Sm’ foil doped single material fibre FO99RERC sample with a diameter of ~ 232 um, 2.84 m long,
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with a minimum optical loss of 2.36 + 0.13 dB/m at 6.03 um, measured to an 8 cm™ resolution.
This single material fibre exhibited reasonable ovality and could be handled delicately however

unintentional breakage was common.
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Figure 3-32: Attenuation (dB/m) vs. Wavelength (um) for a nominally 1000 ppmw Sm (foil) doped
FO99RERC single material fibre sample with diameter of ~ 232 um and 2.84 m long with a minimum loss
of 2.36 + 0.13 dB/m at 6.03 um. The Sm>* ground-state electronic absorption and extrinsic vibrational
absorption loss due to unwanted host glass impurities are identified (see Table 2-4). Note, nominal glass
compositions quoted in legend.

Figure 3-33 (a) shows the attenuation spectrum obtained from a distilled nominally 500 ppmw
‘Dy’ foil doped single material fibre F125RERC sample with a diameter around 230 um with a
minimum optical loss of 2.07 + 0.33 dB/m at a wavelength of 6.13 um, measured to an 8 cm™
resolution. This single material fibre exhibited good ovality and could be handled delicately with
little fear of unintentional breakage. Additionally, the specks observed in Figure 3-30 did not

appear to influence the attenuation spectrum in the evaluated spectral region. Figure 3-33 (b)
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shows [-Se-H] absorption spectrum with gaussian fitting, this is used in Section 4.2 to correct

absorption cross-sections.
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Figure 3-33: plot (a) shows attenuation (dB/m) vs. wavelength (um) for a 500 ppmw Dy (foil) doped
F125RERC single material glass fibre sample with diameter of ~ 230 um and 5.78 m long with a minimum
loss of 2.07 + 0.33 dB/m at 6.13 um. With inset showing absorption data from M285RERC sample
superimposed onto F125RERC loss spectrum. The Dy** ground-state electronic absorption and extrinsic
vibrational absorption loss due to unwanted host glass impurities are identified (see Table 2-4). Note,
nominal glass composition quoted in legend. Plot (b) shows the [-Se-H] impurity vibrational absorption
from the F125RERC loss spectrum with host glass baseline removed and a gaussian fitting of the
absorption.
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3.2.8 Discussion on chalcogenide glass synthesis and fabrication:

An ideal glass composition, intended for use in MIR light sources, should possess a wide glass-
forming region so it can be fabricated into low-loss fibre with good optical and mechanical
properties. These fibres should be capable of being handled, delicately, without fear of
unintentional breakage. The optical loss of the host glass should be as low as possible, and there
should be negligible variability of the optical properties, such as refractive index and RE3* dopant
concentration, between samples taken from a common host glass. Thus, the production and
fabrication steps used for the glass should ensure glass homogeneity while minimising the
inclusion of extrinsic impurities and light scattering defects. The presented results show that
there is still room for improvement to the chalcogenide glass making and fabrication processes.
This section discusses the challenges encountered in the synthesis and fabrication of
chalcogenide glass by studying the achievements and finding presented throughout Sections

3.2.1t0 3.2.7.

3.2.8.1 Impurities introduced during glass synthesis:

Table 3-8 compares the purification steps for the constituent elements of three glass samples
against their minimum optical loss to highlight where impurities are being introduced.

Excluding the ‘Ge’ precursor (see Appendix 7.1.2.2), each of the elemental precursors used in
glass production were purified prior to the initial glass synthesis. Vacuum distillation of undoped
glass, using the procedure described in Appendix 7.1.6, allowed for the reduction of oxide,
hydride, and carbon impurities in all the constituent elements, inclusive of the ‘Ge’. Thus,

lowering the minimum optical loss of the distilled glass when compared to the undistilled glass.
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Preparation of the ‘Ga’ and RE foil precursors (see Appendix 7.1.2.3 and 7.1.2.4) focused on
removal of surface impurities. Unfortunately, this procedure only scratched the surface, leaving
impurities within these precursors, thus allowing for their inclusion into the host glass
composition during remelting to incorporate the RE-dopant. Thus, the inclusion of both the ‘Ga’

and RE foil precursors invariably increased the minimum optical loss of the host glass.

Table 3-8: A comparison of the purification steps for each chemical constituents and minimum optical loss
of three glass samples:

Nominal Bulk purification Minimum
e ‘e Th® / optical
Glass code composition / Distilled
atomic % ‘Ge' | ‘A | ‘Ga’ | s’ | PPV loss /
(dB/m)
F103REJN(RC) | Geiss Aszo.s Gaz.o Ses2.a No No Yes No Yes 500 3.61+0.15
F116REJN Geias As20.s Gazo Sesz4 Yes Yes Yes No Yes 500 2.32+0.40
F120REJN Geis.2 As21.2 Seess Yes Yes Yes Absent | Yes 300 1.81+0.29

Note, F116REJN and F120REJN were produced from the same host glass M273 (see Section 3.2.3).

Considering Table 3-8, both FI03REJN(RC) and F116REJN share the same nominal composition,
while F120REJN is the same composition without the 2 atomic % ‘Ga’. Comparing the preparation
of F1I03REJN(RC) to F116REJN the unpurified ‘Ge’ precursor likely contributed to additional
optical losses along with any residual impurities in the other elements. Comparing the
composition of F116REIN to F130REJN the absence of ‘Ga’ and reduced Tbh3' dopant
concentration lowered the optical losses. Thus, a trend of lower minimum optical attenuation
can be observed with glass compositions containing lower ‘Ga’ and RE-dopant content, this is

further corroborated by the optical attenuation literature survey listed in Table 2-5. Regrettably,
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despite the low optical loss of the F120REJN sample, the lack of ‘Ga’ caused poor solubility of the
RE dopant causing excessive Rayleigh or Mie scattering in the NIR spectral region.

The inclusion of the ‘Ga’ and RE dopant constituents precluded further purification of the RE-
doped glass via typical distillation between 600 to 700 °C, due to their low volatility
[85,86,161,162], which would otherwise result in their separation from the host glass during
distillation. In hindsight the impurities contained in the ‘Ga’ and RE-dopant precursors could have
potentially been reduced with the inclusion of chemical ‘getters’ during the batching of the active
RE dopant. These getters could either cause the formation of volatile species or preferentially
react and sequester anionic impurities. This is expanded upon in Section 6.1.

3.2.8.2 RE dopant concentration:

The optical evaluations presented in Sections 3.2.1 to 3.2.7 allude to some uncertainty in the RE3*
dopant concentrations. Considering the relatively small RE dopant concentrations used in the
presented work the following confounding factors compromise the accuracy of the MIR active
RE3* concentration in the samples investigated:

» |Impurities and alternate reaction paths for RE dopants: The RE dopants are the most

reactive elements in the host glass composition thus making them an effective chemical
‘getter’, readily reacting with anionic impurities such as oxide and hydroxide impurities
present in the host glass [86]. This could have potentially sequestered a portion of the RE
dopant. Additionally, the preparation process for the silica ampoules (see Appendix 7.1.1)
resulted in a pristine surface. This potentially made the inner ampoule wall more reactive
with the contents of the ampoule, especially the RE dopant when considering the high

temperatures and long heating schedule used in the ‘melt-quench’ process. Hence, the
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intentional difference in heating schedules between the undoped and RE doped glass
employed in the melt-quench process outlined in Appendix 7.1.5.1.

Heterogeneous inclusions: NIR imaging of both RE3* doped and undoped samples

revealed the presence of unwanted microscopic heterogeneous inclusions, or ‘specks’,
within the glass (see Figure 3-10 (d) and Figure 3-30). The composition of these inclusions
was not evaluated however impurities are the most likely cause. It was reported that
impurity inclusions within a host glass can act as centres for glass crystallization [104,105].
Considering the poor solubility of the RE dopant, it is conceivable that these inclusions
could have had an equivalent or greater solubility of the RE3* dopant than the surrounding
chalcogenide host glass. This would result in a non-uniform distribution of RE3* dopant
concentration within the samples. The small size of these specks coupled with their sparse
but relatively uniform distribution within the glass makes their evaluation challenging
because these features are easy to miss.

Bubbles and voids: NIR imaging of bulk glass samples revealed the presence of bubbles of

various sizes in most of the glass rods evaluated. Note, the formation of bubbles is
discussed further in Section 3.2.8.4. Due to the opacity of chalcogenide glass, it is
conceivable that a hidden bubble or bubbles could be present within a sample used for
density measurements. The potential presence of these internal voids would be
detrimental to the accuracy of the measurements. Furthermore, this inaccuracy could

have afflicted prior chalcogenide host glass density measurements found in literature.
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3.2.8.3 Vacuum distillation of glass:

The distillation process presented in Section 3.2.3 undoubtedly improved to quality of the glass
produced. However, the entire distillation process exhibited several deficiencies with its setup
and operation. The preparation procedure for the distillation rig encompassed several days
entailing custom fabrication, glassware preparation (see Section 7.1.1), and setup of heating coils
and thermocouples (see Section 7.1.6) resulting in a rig that was expensive, fragile and tedious
to setup. The glass distillation process only distilled the chalcogenide glass once and was
unsuitable for purification of compositions containing ‘Ga’ or RE-dopants. Furthermore, it was
difficult to prevent excessive loss of the volatile constituents of the chalcogenide glass such as
‘Se’ during distillation.

Several of these issues with the distillation process could be addressed by changing the
distillation rig to a vertical orientation to improve refluxing by allowing condensed molten glass
to flow under gravity into hotter zones to be re-distilled. Additionally, active cooling, around the
distillation chamber could have better controlled the condensation of the more volatile

constituents of the glass. These improvements are expanded upon further in Section 6.1.1.

3.2.8.4 Glass melt quenching:

Glass quenching, using the process described in Appendix 7.1.5.2, employed a sequence of steps
to rapidly cool molten glass inside an ampoule in a controlled manner. The initial air quench
resulted in some of the more volatile constituents of the glass evaporating and condensing on
the cooler upper portion of the inner wall of the ampoule, as shown in Figure 7-8 (b). This resulted

in the glass having a small compositional gradient between its top and bottom. It was postulated
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that this compositional discrepancy contributed towards the formation of striae during tube

extrusions.

Following the initial air quench and furnace quench, ampoules were subjected to an N3 jet quench

(see Appendix 7.1.5.2). Wherein, a N, jet was applied to the upper portion of the silica ampoule

and progressively moved to the bottom. This allowed for the initial release of the chalcogenide

glass from the inner ampoule wall in a controlled manner. This procedure was the simplest and

most convenient way to detach the glass, however, this seemingly contributed towards the

frequent formation of vacuum bubbles. Two possible explanations for the bubble formation are:

>

It was postulated that these bubbles were formed due to a mismatch in contraction rates
between the cooler, solidified, upper portion of the chalcogenide glass and the lower
molten glass still in contact with the ampoule inner wall. Potentially this thermal gradient
prevented the entire chalcogenide glass rod from uniformly contracting, thus causing
tension between the solidified glass, and the still contracting liquid, resulting in bubbles
which may have initially been filled with a low-pressure vapor derived from the
surrounding molten material, this phenomenon was further explored in [163].

The N; jet quench always caused the glass melt meniscus to form a contraction cone.
These were funnel shaped depressions at the top of the glass rod (see Figure 3-34 (a)).
The depth of the contraction cone varied with glass composition, silica ampoule diameter
and quenching rates, contraction cones up to 13 mm deep have been measured. This
formation process was often very sudden and violent. This event would sometimes crack
the silica ampoule, hence the check for the structural integrity of the ampoule in the

process flow chart in Figure 3-1. Thus, it is conceivable that the rapid downward
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contraction of the solidified glass could generate a shockwave in the molten glass below.
This shockwave could generate cavitation bubbles due to sudden change in momentum
of the glass melt [164], like the “exploding beer trick” [165]. These bubbles could then be
frozen during the quenching process.
Bubbles were only found in glass rods made in 10/14 silica ampoules. Notably, no bubbles were
found in glass rods produced in larger diameter ampoules. The largest bubbles often formed in
the middle of the glass rods evaluated while smaller bubbles were sometimes found at the
bottom of the glass rods. Bubbles with diameters as large as 2.8 mm were found in samples (see

Figure 3-34 (b)).

(a)

Contraction} (b) Bubble in
' glass rod

Figure 3-34:Showing (a) image of the contraction cone removed from adjacent glass rod, and (b) Image
of chalcogenide glass rod with bubble in its centre, this sample was destructively evaluated to determine
the true dimensions of the bubble within. Note, image (b) was taken adjacent to a ruler with 1 mm
gradations for scale.
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3.2.8.5

Impurities and defects introduced during glass fabrication:

Impurities and defects unintentionally introduced during the fabrication of glass extrusions and

glass fibres caused additional optical losses. Chalcogenide glasses are typically insoluble in water,

and they are not oxidized in air below their ‘Tg’, beyond a protective oxide nanolayer [151].

However, the impurities introduced to the glass during fabrication were attributed to oxidation,

and absorption/adsorption of atmospheric molecules and liquids after the glass was removed

from its sealed ampoule. These impurities could cause additional unwanted vibrational

absorptions in the glass, and/or form physical defects such as bubbles, and act as nucleation cites

for crystals. This was exemplified by the presence of the following:

>

Vibrational absorptions due to [-OH] at ~2.8 um and H,O centred around 6.5 um were
present in most of the bulk glass absorption measurements presented. Notably, these
spectral features were absent from the corresponding fibre optic loss spectra, despite the
bulk glass and the single material fibres being comprised of identical glass and the
measurements being performed to an identical resolution. Thus, it was postulated that
each ‘cut-back’ during a fibre optical loss measurement (see Appendix 7.2.2) revealed
pristine glass to be analysed. Loss measurements were conducted before any appreciable
absorptions could occur and the methodology employed precluded any exposure to
liquids. Therefore, the methodology used to prepare and handle the bulk samples caused
their contamination.

Etching cause poor surface quality. Glass etching was done to remove surface impurities
using procedure in Appendix 7.1.11. Etching time varied from several hours to several

days and was dependant on glass composition, sample geometry, and ambient
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temperature. This process frequently resulted in a poor surface quality leading to a pitted
surface, especially for selenide-based compositions containing ‘As’. This ‘wet etching’
procedure afforded ample opportunity for chemicals such as propylamine, acetone and
isopropanol to attach themselves to the glass surface. In hindsight dry etching’
procedures such as plasma etching, and reactive ion etching could avoid adding impurities
onto the glass surface, while leaving the surface pristine.

» Physical defects were often present at the core/cladding interface of SIF made using the
‘rod-in-tube’ method (see Appendix 7.1.12) which were likely due to impurities on the
mating surfaces. It was postulated that impurities accumulated on the rough surface of
the glass cane after propylamine etching. These volatile impurities likely contributed
towards the formation of holes at the core/cladding interface during the fibre drawing
process (see Appendix 7.1.12). Impurities would form bubbles when heated and regions
of were then elongated along within the fibre, often for several metres, as shown in Figure
3-9 (b) and Figure 3-15 (c), thus potentially compromising the usefulness of large sections
of the resulting SIF. It was also postulated that the glass co-extrusion demonstrated in
Section 3.2.6.2, and described in Section 7.1.9, could be used to avoid the issue of
maintaining pristine mating surfaces while using the rod-in-tube method.

Additional impurities could have been introduced during the opening of silica ampoules, as
described in Section 7.1.3. Due to these ampoules being under vacuum this step potentially

introduced silica glass dust and shards into the content of the ampoule.
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3.2.8.6 Glass extrusions and SIF fabrication:

Striae was observed in the cladding on all the SIF samples that utilised an extruded cladding tube.
These extruded cladding tubes were produced using a three-hole spider die (see Appendix 7.1.8).
Wherein the initial solid glass billet was heated and forced through each of the holes in the die,
each of the three streams then recombined upon exiting the die. This flow pattern likely
incorporated pre-existing compositional inhomogeneities within the glass billet into the resulting
extruded tube. Note, it was postulated the compositional inhomogeneities were introduced
between the top and the bottom of the glass rod during the quenching process, see Section
3.2.8.4. Luckily these striae resided in the cladding of SIF’s where they were unlikely to affect light
guided in the core. However, they presented an issue when launching light into a SIF as these
striae extended for the entire SIF and some were capable of be optically guiding light.

During SIF fabrication using the ‘rod-in-tube’ (see Appendix 7.1.12) it was found that closely
matching the OD of the cane to the ID of the cladding tube consistently resulted in good
concentricity between the core and cladding, along with a circular core that exhibited good

ovality, or ‘out-of-roundness’ as defined in [166], when fibre drawn.
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3.3 Chapter summary

The material preparations stages, shown in Section 3.1, ideally allowed for the prevention or

removal of extrinsic impurities during glass production and its fabrication into glass fibres. The

techniques introduced in this chapter enabled production of chalcogenide glass compositions

that were amenable to both extrusion and fibre drawing, while possessing comparable optical

attenuation to that found in literature (see Table 2-5). Additionally, most of these fibres exhibited

good ovality and handleability. Table 3-9 summarises the spectroscopic properties of these glass

samples. These techniques were also used to demonstrate the following capabilities:

Co-processing of two glasses of differing composition. The various RE3* doped core glass
compositions and undoped cladding chalcogenide glass compositions could undergo co-
processing to fabricate a SIF, as demonstrated with the production of the FI05REJN,
F130RERC, and F122REJN SIF samples. Additionally, co-extrusion of a step index glass rod
with separate RE dopants in both the core and cladding was demonstrated (see Section
3.2.6.2) enabling the fabrication of an SIF with a co extruded core/cladding interface and
cladding pumping of the core with RE3* PL from the cladding.

Control the NA of SIF. MIR spectroscopic ellipsometry revealed that SIFs could be
fabricated with a range of numerical apertures by controlling the composition of core and
cladding glass. Evaluation of the bulk glass used to produce SIF samples revealed the
range of numerical aperture achieved, was between 0.210 to 0.585 (see Table 3-9).

The capability to cause permanent photoinduced refractive-index changes in RE3* doped
glass was demonstrated, in collaboration with Aston University, (see Section 3.2.2.3), thus

enabling FBGs to be written.
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Table 3-9: Summary of each chalcogenide glass composition evaluated in Section 3.2. Note, the rows for glass

compositions were shaded with the same colour to aid with comparison.

samples with identical nominal

Glass code Glass . . - . Minimum loss SIF NA(4to 7
Chalcogenide glass nominal composition (atomic %) and code o SIF (code) (
type (dB/m) fabrication um)
+
AR5, Core glass Ge1s4.8 Asz0.8 Gazo Sesz.4 (undistilled) + 500 ppmw Tb (foil) 3'.61 +0.15 N
(FLO3REJN(RC)) (Figure 3-8) FL0SREIN 0.210
:\S(ZJZQJD'\I‘:(JN)) g::ssdmg Ge14,g ASzoAg Gaz,o 58615 Sle (undistilled) Not evaluated A
M287RC Cladding .
(E093RC) glass Gez1.0 Sb1o.o Sesg o (undistilled) Not evaluated N F130RERC 0.475
M259REZQT . . 2.23+0.03 A
C |
(FL09REZQT(RC&IN)) ore glass Geis.o Asz1.0 Gaio Sesso (undistilled) + 500 ppmw Ce (foil) (Figure 3-13) ~
F113REZQT 0.585
M260JN Cladding - A (JN&RC) ’
(EOQOJN) glass Gei6.5 As16.0 Gasp Ses1s S3.0 (UndlStI”ed) Not evaluated S
M274REJN 2.32+0.40 F122REJN 0.470
c | - .
(FL16REIN) ore glass Geia.s Asao.s Gazo Sesz.4 (distilled) + 1000 ppmw TeCls + 500 ppmw Tb (foil) (Figure 3-22) A
M275REIN Single 1.8140.29
terial _— . .81+0.
(F120REIN) gwbareerla Ge1s Asy1; Segs g (distilled) + 1000 ppmw TeCly + 300 ppmw Tb (foil) (Figure 3-25 (a)) None Not evaluated
Single
M276REJN 6.42 £0.20
rerial - .
(F119REIN) ?iwbar:na Geia.s Aszo.s Gaz.o Sesz.4 (distilled) + 1000 TeCl, + 500 ppmw Pr (foil) (Figure 3-25 (b)) None Not evaluated
M293REJN Core glass Ge1ag Aszo.s Gazo Sesr.4 (undistilled) + 500 ppmw Ce (foil) Not evaluated N
_ EO94REDF(IN) 0.470*
M295REJN (g:ll:gsdmg Geie.s Asie.0 Gaso Ses15 S3.0 (Undistilled) + 500 ppmw Dy (foil) Not evaluated A
Single
M227RERC 2.36+0.13
terial _— .
(FO99RERC) ?iwbar:na Geig.4 Sbe7 Gas g Seegz.9 (undistilled) + 1000 ppmw Sm (foil) (Figure 3-32) None Not evaluated
Single
M285RERC 2.07£0.33
terial isti i
(F125RERC) ?;r:rla Geis.g As1.0 Gaio Sesso + 850 ppmw TeCly (distilled) + 500 ppmw Dy (foil) (Figure 3-33) None Not evaluated

*Note, the NA of the co-extruded rod EO94REDF(JN) was estimated to be 0.47 based on the identical composition of the core and

cladding glass to SIF F122REJN.
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The spectroscopic analysis of these glass compositions showed how the vacuum distillation
purification process on the reduced the minimum optical loss. This analysis also revealed the

advantages of lower ‘Ga’ content and simpler glass compositions on the minimum optical loss.

The production of each of RE3* doped glass sample presented in Sections 3.2.1 to 3.2.7 revealed
the presence of internal defects such as unwanted impurities, debris, bubbles of various sizes,
heterogeneous nucleation, and heterogeneous crystals in each bulk glass sample prepared in a
10/14 silica ampoule. Furthermore, defects such as striae within the cladding and holes at the
core/cladding interface were found in each SIF sample prepared using the ‘rod-in-tube’ method
(see Section 7.1.12). These results indicated systemic deficiencies with both the production and
fabrication methodologies that were not limited to RE dopant, or glass composition. Notably, the
discovery of these flaws initiated the development of the IR imaging described in Section 3.1.2.2.
Several modifications to the current methodologies to mitigate these defects were proposed in
Section 6.1. Additionally, coextrusion of core and cladding glass was demonstrated (see Section

3.2.6.2) to minimise defects at core/cladding interface in a step-index glass rod.
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4. Spectroscopy of trivalent rare-earth doped chalcogenide glasses:

This chapter presents the spectroscopy measurements of five trivalent lanthanide dopants,
namely: ‘Ce’ (cerium), ‘Pr’ (praseodymium), ‘Sm’ (samarium), ‘Tb’ (terbium), and ‘Dy’
(dysprosium) each incorporated into a separate chalcogenide host glass. Section 4.1 describes
the methodology employed to perform PL (photoluminescence) emission measurements, and
ESA (excited state absorption) measurements on RE3* doped chalcogenide glass samples, along
with the procedure for evaluation and interpretation of the empirical results. Section 4.2
presents for each lanthanide dopant, PL emission measurements, and ESA measurements, along
with a brief literature survey on RE3* PL emissions and a discussion on the presented results.

Section 4.3 summarizes the presented results.

4.1. Measurement methodology.

Section 4.1.1 describes the methodology employed to perform PL emission measurements while
Section 4.1.2 introduces ESA measurements which used a novel variation on the ‘pump-probe’
technique, devised and implemented by the author and the Mid-Infrared Photonics Group, to

reveal latent MIR ESA bands in RE3* doped into chalcogenide glass fibre with.

4.1.1 PL (photoluminescence) emission spectroscopy.
RE3* PL emission spectroscopy measurements were achieved via photoexcitation of RE3* doped
chalcogenide glass samples using an excitation laser with a wavelength overlapping a RE3* GSA

band while evaluating the resulting PL. These emission measurements were performed on RE3*
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doped glass samples with different geometries primarily to investigate PL emission spectra and
lifetimes, while evaluating the effects of reabsorption and up-conversion. Sample types included

polished bulk glass, powdered glass, and SIF (step-index fibre) and single material fibre.

4.1.1.1 Equipment configuration:
PL emission spectra, and PL emission lifetimes were the two types of measurements performed
on RE3* doped samples. This entailed photoexcitation of a sample, with either a CW (continuous
wave) or a QCW (quasi-continuous wave) excitation source, while evaluating the RE3* PL emitted.
PL spectra were emission intensity measurements, as a function of wavelength. PL lifetimes were
intensity measurements of a decaying PL emission signal, after turning off the pump laser, as a
function of time. Figure 4-1 shows a detailed parts list and diagram of the equipment
configurations used to perform these measurements. In each configuration the RE3* doped
samples were exposed to an excitation source, and the resultant PL emissions, emanating from
the sample were collected and evaluated. These PL emission measurements employed different
equipment configurations for each combination of sample type and excitation source. Each
configuration was sub-divided into four major subsections, namely:

1. Launch optics: The excitation lasers employed in the various equipment configurations were
either fibre-coupled or open beam and each type required different supplemental optical
components to efficiently excite the sample. Insets A to E, in Figure 4-1, illustrate how pump
light from the different types of lasers was delivered to the sample. Appendix 7.2.4.1

describes the procedure used to achieve this.
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2. The Sample: PL emission measurements could be performed on fibres, powdered glass,
or bulk glass samples. Each sample type required specific preparation, followed by
fixturing and mounting within the equipment configuration. Appendix 7.2.4.2 describes
the procedure used to prepare and mount each sample type. Additionally, insets F to H,
in Figure 4-1 illustrates how each sample was mounted. Powdered samples were ground
to a mostly uniform particle diameter and sealed, while under an inert N; atmosphere, in
a 3D printed powder sample holder equipped with CaF, windows (designed by the author
and 3D printed by Dr David Furniss). The powdered glass was kept sealed to avoid
oxidation, absorption, and adsorption of water and other atmospheric molecules.

3. Collection/detection: PL emissions emanating from a sample were collected, separated

into their constituent wavelengths, and evaluated. Inset |, in Figure 4-1, illustrates how
this was achieved and Appendix 7.2.4.3 describes in detail how this was done.

4. Control/data acquisition: This shows how the components in the equipment

configuration were connected and how measurement parameters such as modulation
source/frequency, wavelength selection, and storage of captured data were controlled.
Wavelength selection of the emissions emanating from the samples was accomplished
using a monochromator, item 15(a) in Figure 4-1, which was controlled by a data
acquisition computer, item 18 in Figure 4-1, running MATLAB software written by the

author (see wurl: https://qithub.com/joel-nunes/Monochromator-control-and-data-

acquisition.git). This software automated the wavelength selection of the
monochromator and storage of captured data. Inset J, in Figure 4-1, illustrates these

connections, and Appendix 7.2.4.4 describes how this was done.
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1) Fibre coupled excitation laser:
a. Tuneable source (Agilent, 8164B + 8)
8198- tuneable module, with EDFA: IRE-
POLUS EAD-2W-C).
b. 1.700 pum source (QPC Lasers Inc.
BrightLase® PR-6017-0000).
c.  1.940 um source (m2K-BA-1940-E0500-
MMF200_1G10).
d.  2.013 pum source (LISA lasers products,
FG-E 0380).
e. 1.310 um source (Thorlabs, FPL1053S) 9
2) Collimator on a XYZ translational stage:
a. Thorlabs, F220APC-1550 used with
tunable and 1.310 pm sources. 10)
b. Ocean Optics, 74-VIS used with the
1.700 pm, 1.940 pum, and 2.013 pm
sources. u
3) Open beam 4.150 um QCL (Pranalytica,

Polariser (Thorlabs, LPMIR050-MP2) in rotation
mount.

% wave plate
rotation mount.
Gold mirror (Thorlabs, ME1-MO01) on kinematic
mount.

Focusing lens on precision XYZ translational stage:

(Thorlabs, WPLQO5M-4000) in

a. Aspheric lens, f = 5.95 mm (Thorlabs, 390028-
E).

b. Bi-convex CaF, lens, f = 15 mm (Thorlabs,
LB5766-E).

RE3* doped chalcogenide glass sample:

a. Single material fibre or SIF sample, with both
ends cleaved on Stainless steel ‘V-groove’ fibre
holder on XYZ stage.

b. Powdered glass in sample holder fitted with
two CaF, windows (Crystran, CAFP20-1) on XYZ
stage.

c.  Cuboid shaped, polished bulk glass sample on
XYZ stage.

Fibre mount:

a. Magnets.

b. UV curable polymer.

Optional coating of Galinstan (/InGaSn alloy) for
cladding mode-stripping. Note this was only used
on SIF samples mounted with UV polymer.

) Optional optical chopper (Bentham, S200_218_H).

Note this only used for RE3* PL emission spectra
measurements.

12) Collection lens on precision XYZ stage:

a. Ge (germanium) lens, f = 12.5 mm (Edmund
Optics #89-607).
b. CaF;lens, f =40 mm (Thorlabs, LA5370).

13) Interchangeable optical filter (see Table 7-15).
a. LWP (Long wave pass) filter.
b.  SWP (Short wave pass) filter.
c.  BP(Band pass) filter.

14) Focusing lens on precision XYZ stage:
a. Ge lens, f = 12.5 mm (Edmund Optics #89-
607).
b. CaF;lens, f =40 mm (Thorlabs, LA5370).
Monochromator supplied with dry, purged
atmosphere (H,0 & CO, removed):
a. Bentham, TMc300:
i. Grating 1: 300 grooves/mm (1.500 um to
6.000 um).
ii. Grating 2: 150 grooves/mm (2.400 um to
8.000 um).
Grating 3: 75 grooves/mm (6.000 um to
20.000 pum).
Spex Minimate with diffraction grating
blazed at 6.000 pm.

15)

b.

16) Detector on XYZ stage:

a. InGaAs (Thorlabs, PDA10D-EC) (1.200 to
2.600 um spectral range).

b.  MCT (mercury cadmium telluride) detector
(Vigo Systems, PVI-4TE-6) (2.000 to 7.500 um
spectral range).

c. Liquid nitrogen cooled MCT detector
(Kolmar  Technologies, V100-1B-7/190)

(2.500 to 11.000 um spectral range).
Function generator (GW Instek, SFG-2104) or
(Picoscope, 5444b).

18) Control and data acquisition computer.

19) USB oscilloscope (Picoscope, 5444b).

20) National Instruments USB-6009 multifunction
1/0.

Lock-in amplifier (Ametek Signal Recovery, 7270
DSP).

17)

21)

Figure 4-1: Equipment configurations used for RE** PL emission measurements.
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4.1.1.2 PL spectrum measurements:

PL spectrum measurements evaluated the emission intensity from the samples, over a user
defined spectral range, as a function of wavelength. The PL emission spectrum was obtained by
taking intensity measurements on the emitted RE3* PL, at uniform wavelength intervals, using
the procedure described in Appendix 7.2.4.5. These intensity measurements were then plotted
against wavelength to produce the PL emission spectrum. The resulting PL emission spectrum

was then corrected for the system spectral response unless specified otherwise.

4.1.1.3 PL lifetime measurements:

PL lifetime measurements evaluated the PL emission intensity from the samples, at a fixed user
defined wavelength, as a function of time. The PL lifetime spectrum was obtained by taking
intensity measurements on a narrow spectral range of RE3* PL light (typically less than 50 nm in
spectral width), at uniform time intervals, using the procedure described in Appendix 7.2.4.6.
These intensity measurements were then plotted against time and then fitted to a suitable
exponential decay function to determine the PL emission lifetime(s) at a specific wavelength.

Several of the RE3* dopants exhibited multiple PL emission bands having similar or overlapping

wavelengths emanating from different energy levels, each with a distinct ‘trad” (see Figure 2-1 (f)).
This resulted in PL emissions at specific wavelength regions comprised of a mixture of radiative
lifetimes. Thus, multi-term exponential fitting was applied to empirical PL intensity data using a
modified version of Equation 2-2 in MATLAB using the non-linear least squares method for a

multi-term exponential function of the following form:

113



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

(;t) Equation 4-1
I(t) = | X" A; X exp\/ | + Y,

j=14%

where ‘n’ is the number of exponential terms used to fit the empirical data; ‘A;’ are the non-zero
coefficient(s) of each exponential term that expressed the fraction of the contribution to the
overall exponential process; ‘tj’ are the radiative lifetimes of each exponential term, and ‘Yo' is a
constant relating to the SNR of the detection system.

Single-term (n = 1), two-term (n = 2), and three-term (n = 3) exponential functions were
individually fitted to the measurement data and the RMSE (root mean square error) of these
fittings were then compared. The fitting with both the lowest RMSE and lowest number of
exponential terms, was then selected as the lifetime to avoid under-fitting or over-fitting. This
was done to best fit the lifetime data, while also accounting for confounding factors such as
sample geometry, pump power density and any idiosyncrasies in the emission behaviour
[32,167].

PL emission ‘rise time’ measurements were carried out on a few samples. These measurements
were accomplished in a near identical manner to the lifetime measurement using the procedure
described in Appendix 7.2.4.6. The ‘rise time’ was defined as the time for the PL emission

intensity to rise from 10 % to 90 % of the peak emission intensity, according to [168].

4.1.2 ESA (excited state absorption) measurements.
Transmission spectroscopy, employing a novel variation on the ‘pump-probe’ technique, was
used to investigate the ESA behaviour of RE3* doped chalcogenide glass fibre samples. In this

technique, a CW (continuous wave) excitation laser, the ‘pump’, and a broadband blackbody light
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source, the ‘probe’, were simultaneously launched into a fibre sample. The wavelength of the
pump was chosen such that it coincided with a RE3* GSA, resulting in the temporary redistribution
of a portion of the ground state electronic population to upper energy levels. This enabled
subsequent optical absorption of the probe light by the electron population in these excited
levels, resulting in relative changes in the transmission spectrum of the sample during pump
excitation. A FTIR (Fourier transform infrared) spectrometer was then used to detect changes in
the transmission spectrum. Single material fibre samples were used to maximise the changes in
the transmission spectrum over the length of the sample. Notably, the equipment configuration
described in Section 4.1.2.1 differed from prior equipment configurations found in the literature
[42,43], which use a double modulation scheme, because of the inclusion of this FTIR
spectrometer. The FTIR spectrometer in the presented equipment configuration affords
convenient, rapid, low-noise assessment of the RE3* ESA bands, over a relatively large spectral
bandwidth, due to its speed, wide wavelength range, and stability. To the best of my knowledge
this is the first example of an FTIR spectrometer being used to evaluate latent ESA in this manner.
Note, the advantages and disadvantages of this equipment configuration are discussed further
in Section 4.2.6.3. Additionally, a monochromator-based equipment configuration capable of ESA

measurements is evaluated in Section 4.2.2.4.

4.1.2.1 FTIR (Fourier transform infrared)-based ESA equipment configuration:
The ESA measurement equipment configuration examined static lengths of RE3* doped fibre by
simultaneously exposing it to ‘pump’ and ‘probe’ light in a counter-propagating configuration. A

detailed parts list and diagram of the ESA measurement equipment configuration are shown in
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Figure 4-2. A FTIR spectrometer, item 11 in Figure 4-2, provided and analysed modulated
broadband ‘probe light’ transmitted through the fibre sample with and without the application
of ‘pump light’ from a CW excitation laser, item 1 in Figure 4-2. A beam of modulated, broadband
probe light, from the FTIR spectrometer, was focused on to the ‘probe-launch-end’ of the fibre
sample. A LWP (long wave pass) filter, item 4 in Figure 4-2, acting as a long-pass dichroic mirror,
was used to reflect a collimated beam of CW pump-light, which was then focused onto the
opposite, ‘pump-launch-end’ of the fibre sample, which was mounted in a stainless-steel V-
groove fibre-holder, item 6 in Figure 4-2. Thermal management of the ‘pump launch end’ of the
fibre sample was done by minimising fibre-overhang beyond the edge of the metal V-groove fibre
holder, which also acted as a heatsink. The LWP filter, acting as a long-pass dichroic mirror, was
selected to reflect at the pump wavelength, while simultaneously passing probe light transmitted
through the fibre sample, along with RE3* PL emissions emanating from the fibre sample. A 2.505
pum LWP filter was used to transmit the 2.300 to 6.300 um spectral region, while a 6.386 um LWP
filter was used for the 7.000 to 11.500 um spectral region, the 45° incidence angle of these items
caused them to operate slightly outside of their specifications. The transmitted probe light and
RE3* PL were then focused onto an MCT detector, item 2 in Figure 4-2. A FTIR interferogram based
on the intensity of the incident modulated light was measured with a resolution of 4 cm™ using
Bruker OPUS software. Unmodulated spontaneous RE3* PL, emanating from the fibre sample
during the application of the CW pump, was ostensibly ignored by the FTIR spectrometer due to
frequency discrimination afforded by its principles of operation, see [169,170]. However, RE3* PL

emissions stimulated by the modulated FTIR ‘probe light” would still have been detected.
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1) CW (continuous wave) ‘Pump’: Fibre 3)  Aspheric ‘Ge’ germanium lens, f = 12.5 mm 8) Stainless steel ‘V-groove’ fibre holder, 40 mm

coupled excitation laser: (Edmund Optics, 89607) on a translational stage. long.
i. 1.550 pm and 1.535 um source (Agilent  4)  Dichroic mirror on a kinematic mount: 9)  Aluminium 90° ‘Off-axis’ parabolic mirror, f =

81648 + 8198- tuneable module, i. 2.505um LWP (Long Wave Pass) filter 69 mm on a kinematic mount.
amplified using an EDFA: IRE-POLUS (Northumbria Optical Coatings, SLWP-2505- 10) ‘KBr’ (potassium bromide) window 2 mm thick.
EAD-2W-C). 001089). 11) Bruker IFS 66/S FTIR spectrometer equipped

ii. 1.940 um source (m2K-BA-1940-E0500- ii. 6.386 um LWP filter (Northumbria Optical with Globar® source and ‘KBr’ beam splitter,
MMF200_IG10). Coatings, SLWP-6386-000297). using Bruker OPUS software (version 3.1 build

iii. ~1.700 um source (QPC Lasers Inc. 5)  Aspheric lens, f = 5.95 mm (Thorlabs, 390028-E) 3,0,19), (See Figure 7-12).
BrightLase® PR-6017-0000). on a XYZ translational stage. 12) Aluminium mirror on a kinematic mount.

2) Liquid nitrogen cooled MCT (mercury- 6) Stainless steel ‘V-groove’ fibre holder, 82 mm 13) Collimator on a XYZ translational stage:
cadmium-tellurium ‘Hg-Cd-Te’) detector long, providing heatsinking. i. Thorlabs, F220APC-1550 used with 1.550
(Kolmar Technologies, V100-1B-7/190), 7) RE* (rare-earth) ion doped chalcogenide glass um and 1.535 pm sources.
connected to Bruker IFS 66/S FTIR (Fourier fibre sample, with both ends cleaved. ii. Ocean Optics, 74-VIS used with the 1.94 um
transform infrared) spectrometer. and 1.700 pum sources.
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Figure 4-2: Diagram of ‘pump and probe’ equipment configuration used to investigate ESA (excited state
absorption) in RE3* (rare-earth) cation doped, chalcogenide glass fibres, with inset showing emission
spectrum of broadband IR source used as the probe light source. Along with plots showing an example of:
(a) transmitted probe light intensity spectrum obtained from illustrated equipment configuration, and (b)
change in transmitted probe light intensity obtained from inset (a) using Equation 4-2.
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Steady state changes in the intensity of transmitted probe light were evaluated by taking the
ratio of the measured transmission spectra with, and without, the application of pump light (see
inset (a) in Figure 4-2), and plotted as ‘change in transmitted probe light intensity’ versus

wavelength, using the following equation (see inset (b) in Figure 4-2):

Probe intensity with pump light on ) Equation 4-2

Change in probe intensity (dB) = 10 X log4, (Pmbe intensity with pump Light of |

4.1.2.2 Interpretation of ESA measurements:

The ESA spectra derived from Equation 4-2 plotted the ‘change in transmitted probe light
intensity’ versus wavelength (see inset (b) in Figure 4-2). These spectra depict the relative
changes in the optical attenuation of doped fibre samples during pumping as experienced by the
broadband probe light. The following are some common features in ESA spectra:

» Regions of negative change: These indicated an increase in attenuation. Upward transitions

originating from latent ESA bands, occurring only during photoexcitation, increase the
attenuation of the RE3* dope sample within specific spectral regions due to the presence of
an excited electron population. The RE3* energy levels with the longest radiative lifetimes
were postulated as the predominant initial state from which ESA took place because they had
a higher probability of possessing an electronic population.

» Regions of positive change: Indicated a decrease in attenuation. It was postulated that GSD

(ground state depletion), a reduction of the ground state electron population, occurring only
during photoexcitation (especially at very high pump powers), decreased the attenuation of

the RE3* doped sample within the GSA bands. Additionally, RE3* SE (stimulated emission)

118



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

caused by modulated probe light resulted in an apparent decrease in attenuation within the
RE3* PL emission bands. Note, in this situation while SE occurred during photoexcitation the
attenuation of the sample remained unchanged. Additionally, in most situations, ESA
measurements were unable to explicitly differentiate GSD from SE due to the decrease in
attenuation that they both caused. Thus, GSD and SE transitions were typically proposed
together and were represented using the two half arrowheads to indicate the bidirectional
nature of both transitions (“Initial state” = “Next state”).

A locus of points along the zero-change axis: These were spectral regions that lay along the

wavelength-axis on the ESA spectra that indicated the probe light only experienced
attenuation from the underlying RE3* doped host glass. This indicated a spectral region with
no matching RE3* electronic transitions to interact with incident probe light. Thus, within
these regions the magnitude of the optical attenuation in dB/m was available by referencing
the corresponding attenuation spectrum of the fibre sample.

Zero-change point: Spectral regions of negative change which partially overlapped spectral

region of positive change always resulted in the occurrence of an ‘zero-change’ point. These
conspicuous points were postulated to be due to a balancing, or equilibrium between,
competing photoinduced upward and downward RE3* electronic transitions for a static
sample length, such that resultant optical attenuation experienced at these wavelengths
equalled that of the RE3* doped glass without the application of the pump source. This was

due to these points occurring on the zero-change axis.
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4.2. Spectroscopy of RE** dopants in chalcogenide glass host.

This section presents the absorption and emission spectroscopy measurements of five lanthanide

dopants namely: ‘Ce’, ‘Pr’, ‘Sm’, ‘Tb’, and ‘Dy’. These are inclusive of absorption measurements,

PL emission measurements, and ESA measurements for each lanthanide dopant. Each Section

includes a brief literature survey of the reported PL emissions which is used to put the presented

results into context. Section 4.2.6 is a discussion on the absorption, PL emission, and ESA
measurements presented. Note the following:

» Fibre samples, powdered glass samples and polished bulk glass samples, were prepared using
the procedures described in Section 7.2.4.2.

» Absorption and emission cross-section spectra were calculated using procedure shown in
Section 7.2.1.1. Additionally, several of the RE3* absorption cross-section spectra had the
underlying [-Se-H] impurity absorption bands numerically removed using the [-Se-H]
absorption model derived in Figure 3-33 (b) and the procedure described in [116].

» PL emission measurements, and ESA measurements were carried out by the author, at room
temperature between 21 to 23 °C. Additionally, the laboratory humidity and CO;
concentrations were allowed to vary during measurements.

» PL emission measurements were carried out using the procedure described in Section 4.1.1
and PL lifetime data were fitted with a suitable exponential function, using the procedure
described in 7.2.4.6. PL emission spectra presented throughout Section 4.2 were normalised
to their peak emission wavelength.

» ESA measurements were accomplished using the FTIR-based equipment configuration shown

in Figure 4-2 and the procedure described in Section 4.1.2.
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4.2.1 Cerium spectroscopy.

Two separate undistilled, glass rods of nominal composition: Ge1s Asz1.0 Gai.0 Sess.0 atomic % +
500 ppmw Ce (foil) M259REZQT, and Geias As2s Gazo See.s atomic % + 500 ppmw Ce (foil)
M293REJN, were independently produced by Dr Zhuoqi Tang and the author, respectively. The
M259REZQT glass rod was drawn into single material fibre and cane: FI09REZQT(RC&JN). See
sections 3.2.2 and 3.2.6 for the optical and compositional evaluation of these glasses. The
M259REZQT and M293REJN glass rods were individually processed into two separate bulk glass
samples and used for the measurements in Section 4.2.1.1. The F109REZQT(RC&JN) cane was
subsequently used as the core in the fabrication of the SIF F113REZQT(JN&RC). M293REJN was
subsequently co extruded by Dr David Furniss and the author to produce the co-extruded glass
rod EQO94REDF(JN). Section 4.2.1.3 presents PL emission measurement results from single
material fibre F109REZQT(RC&IN), powdered glass (made using single material fibre
F109REZQT(RC&JN)), SIF (F113REZQT(JN&RC)), polished bulk glass (M259REZQT) and a portion
of the extruded rod EO94REDF(JN). Note, Ce3* ESA measurements were omitted due to the

limitations of the current equipment configuration, as discussed in Section 4.2.6.3.

4.2.1.1 Ce cation absorption and emission cross-sections:

Figure 4-3 (a) shows the absorption coefficient for two nominally 500 ppmw Ce (foil) doped bulk
glass samples M259REZQT, and M293REJN, each ostensibly containing 9.56 x 10'8 cations/cm?3
and 9.67 x 10'® cations/cm3, respectively. Figure 4-3 (b) shows the corresponding Ce3*

preliminary energy level diagram. Figure 4-3 (c) shows the calculated absorption cross-section
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for the ?Fs/2 > 2F7/2 GSA and the emission cross-section for the 2F7/2 = 2Fss.. Note, the underlying

[-Se-H] impurity vibrational absorption bands at 3.5 and 4.5 um were not numerically removed.
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Figure 4-3: Showing: (a) Room temperature absorption spectrum of two undistilled nominally 500 ppmw
Ce (foil) doped bulk glass samples along with (b) the corresponding energy level diagram for Ce®* cation in
glass host showing 4.150 um QCL, and (c) showing the calculated absorption (solid lines) and emission
(dashed lines) cross-sections. Note, the Ce>* cross-section calculations assumed several factors (see Section
3.2.8.2 and 4.2.6.1) and thus its accuracy should not be relied upon.
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4.2.1.2 Ce* literature review:

The Ce3* cation has an electronic configuration consisting of a 2Fs/> ground state and a single 2F7,2
excited state, both of these manifolds are known to exhibit extensive Stark splitting in a variety
of host materials [155—-158]. The luminescent properties of ‘Ce’ compounds often focus on their
ultraviolet and visible emissions due to 5d- 4f radiative transitions [20,155,171-173]. The dearth
of affordable pump sources to excite the 2F7/> manifold results in a relative lack of publications
on the MIR properties of the ‘Ce’ dopant. Table 4-1 and Table 4-2 show that the Ce3* cation
exhibits only one broad MIR PL emission band peaking at ~ 4.6 um with a relatively long radiative
lifetime in both arsenic-based and antimony-based chalcogenide glass compositions. Notably,
the ‘Ce’ dopant can exhibit a stable tetravalent state, Ce** [19-21] for example in the form CeO..
Moreover, ‘Ce*” possesses an electronic configuration of [Xe], with no available ‘4f’ electrons for
4f 2 4f transitions, thus is unlikely to exhibit MIR PL.

Table 4-1: Ce** PL emission bands found in literature (see Figure 4-3 (b) for energy level diagram):

P Emissi Peak
Transition Composition / sample type A 7':::\ T;:Z'} ':I:d A /e:lm Reference
Geis.0As21.0Ga1.0See63.0 500 ppmw
’F ’F 4.1 4 . ~4, 14
122 Fsh2 Ce (foil) (single material fibre) >0 341059 6 [140]
Ge20.0Sb10.0Gas.0Sess.o 2.940 or
2F72 > Fsp2 Ce3* @ 3.1x10'° cm?3 (Polished o 3.5t06.0 ~4.6 [174]
plate) Dy PL

Table 4-2: Ce**PL emission lifetimes found in literature (see Figure 4-3 (b) for energy level diagram):

Higansition Host composition / sample type (el L GEEIE: Reference
From To P pletyp Trad / Ms Trad / Ms
Ge1s.0As21.0Ga1.0Se63.0 + 500 ppmw Not
2 2
. 1
Far2 Fs/2 Ce (foil) (single material fibre) reported 3.6 [140]
Ge20.0Sb10.0Gas.0Sees.0 Not
2F7p 2Fsp Ce** @ 3.1x10° cm (Polished 2.5 [174]
reported
plate)
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4.2.1.3 Ce> PL emission measurements:

Ce3* PL emission spectrum, PL lifetime and PL rise time measurements were performed using in-

band pumping with a 4.150 um QCL on the samples listed in Table 4-3. The 4.150 um excitation

scheme used the ?Fsj2 - 2F7/2 GSA, as illustrated in Figure 4-3 (b).

Table 4-3: Sample codes, composition, dimentions, and equipment configurations used for Ce** PL emission
measurements (see Section 7.3 for description of equipment configuration code).

Code and nominal

Geis.5 As16.0 Gas.o Ses1.5 S3.0
+ 500 ppmw Dy (foil))

Sample oo . . . . . . .
N F; composition (atomic | Dimensions | Figure and equipment configuration
yp %)
Bulk glass M259REZQT 4.54 mm x . . .
(annealed (Geis.0 As21.0Ga1.0 Seesz.o + 3.76 mm x Figure 4-4 (a) and Figure 4-5 (a):
and polished) | 500 ppmw Ce (foil)) 2.02 mm. E[7b] H[] 1[12a- 134.203 LWP- 14y -15p — 16b]
Single Diameter of
. F109REZQT(JN&RC . .
material QT ) 220+5pum Figure 4-4 (a) and Figure 4-5 (c):
. (Geis.0 Asz21.0 Gaz.o Sess.o +
fibre (un- . and 93.4 mm B[72] F[9a] 1[12a- 134.203 LWP- 14y -155 — 16b]
500 ppmw Ce (foil))
annealed) long.
Powdered Varying
lass (singl F109REZQT(JN&RC . . .
§ (.Smg € ar ) granulesize< | Figure 4-4 (a) and Figure 4-5 (e):
material (Geis.0 As21.0 Gaz.o Sesz.o + 100 um in G112, 13 LWP- 145 155 — 16
fibre, un- 500 ppmw Ce (foil)) M DU G} 1{125- 134203 LWP- 145 -155 — 160]
diameter.
annealed)
F113REZQT(RC&JN): Core diameter
(Core: FLO9REZQT(JN&RC):
SIF of 21 £ 0.5 um, . .
(un- Geis.0 As21.0 Ga1.o Sees.o + 237 £3.0 um Figure 4-4 (a) and Figure 4-5 (b):
annealed) 500 ppmw Ce (foil) 0D and 90.0 B[7a] F[9b- 10] 1[12a- 134.203 LWP- 144 -15 — 163]
Cladding M260JN: mm lon '
Gei6.5AS16.0 GA3.05€61.5 53.0) &
F130RERC:
SIF (Core: FIO9REZQT(JN&RC): | Core diameter
(un- Geis.o As21.0 Gaz.o Segs.o + of 17 um, OD Figure 4-4 (a) and Figure 4-5 (b):
annealed) 500 ppmw Ce (foil) and 95.0mm | B[74] F[9b- 10] 1[12- 134203 LWP- 14 -155 — 165]
Cladding M287RC: long.
Ge21.0 Sb10.0 Sees.0)
EO94REDF(JN): 9.1 mm long
(Core: M293REJN: with a 3.2 mm
Co-extruded Gei14.8 AS20.8 GA2.0 Ses2.4 + outer
glass rod 148 75208 502025624 ) Figure 4-4 (a) and Figure 4-5 (d):
(annealed 500 ppmw Ce (foil) diameter. i
: Claddlng M295REJN Maximum core B[7a] F[gnone] |[12a- 134.203 LWP- 14a -15au - 16b]
and polished)

diameter: 1.88
mm.
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4.2.1.3.a Ce® PL emission spectra:

The 4.150 um excitation scheme used for each sample type, listed in Table 4-3, consistently
yielded a broad Ce3* PL emission spectrum between 3.400 to 5.800 um, and peaked around 4.60
um, attributed to the 2F72 - %Fs/; radiative transition, as shown in Figure 4-4. A portion of the
emission spectrum between 3.900 to 4.400 um in Figure 4-4 was omitted due to the presence of
unabsorbed 4.150 um QCL light. Notably, Figure 4-4 shows that a portion of this emission
spectrum exhibited up-conversion, resulting in Ce3* PL emissions at wavelengths as short as 3.400
um. Additionally, the presented Ce3* PL emission spectra agrees with other MIR Ce3* PL spectra

found in [174] and the shape of the calculated emission cross-section in in Figure 4-3 (c).

11
0 Ce¥*PLemission A %F; > Fs)y SIF F113REZQT(JN&RC) sample @ 100 mW
spectrum
1 3000 T \ Powdered glass @ 90 mW
S
S 0.9 2500 A Unstructured fibre sample @ 100 mW
N ] 2
§ 08 £ i F-"’rz Polished annealed bulk sample @ 100 mW
o
& 7 ~00 | E | g
§ g 9 g Extruded glass rod sample @ 92.3 mW
S 07 £ 49 £ ::E £
= 51500 "\ oy 5 S SIF F130RERC sample @ 100 mW
LS 5 ==3 m| E @ g
> 0.6 = df | A =
g glooo 0
g <
£ 05
c 500 Y Y
2
3 0.4 2F
g 0 & Y Y 5/2
—
a
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Figure 4-4: Normalised PL emission spectra for nominally 500 ppmw Ce (foil) doped samples, see Table 4-3,
each excited with 4.150 um QCL along with inset showing the corresponding Ce®* energy level diagram
showing photoexcitation and subsequent Ce** PL emission. Not corrected for system spectral response.
Note, the bulk glass, single material fibre, powdered glass, and the core of the SIF sample each have the
same Geis.0Asz1.0 Gai.0 Sess.0 atomic % composition, while the co-extruded rod had a Gei4.8 As20.s GA2.0 S€62.4
atomic % composition, for geometry of each sample type.
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The Ce3* energy level diagram inset into Figure 4-4 was derived from Ce PL emission spectrum,
this was necessary to account for the Stark splitting in the ?Fs;; ground state reported in [155—
158]. Optical absorption of the 4.150 um QCL occurred throughout the 2Fs» ground state
manifold, causing the upper portions of the ?F7/2 manifold to be excited, as illustrated in the inset
of Figure 4-4. The 3.400 Ce3* PL um originated from the uppermost boundary of the 2F7;
manifold. The PL emission around 4.600 pm could occur from the lower portion of the 2F7
manifold to the 2Fs/; ground state. The PL emission around 5.800 um could occur from the lowest
portion of the %F7/2 manifold to the uppermost portion of the 2Fs;; ground state. Notably, the
presented Ce3+ energy level diagram differs from the bulk absorption spectrum shown in Figure
4-3, due to the constraints imposed by the width of the 2Fs/; ground state, which caused the
lower boundary of the 2F7/> manifold to deviate from the bulk absorption measurement.

The shapes of the PL emission spectra in Figure 4-4 obtained from the samples listed in Table 4-3,
the samples possessing the Geiso Asz10 Gaio Sesso atomic % glass composition showed no
significant difference with the co-extruded glass rod and its Geis.s As20.8 Gaz.0 Ses2.4 atomic % glass
composition. The single material fibre sample showed signs of reabsorption, around 5.100 um
(1961 cm™). Conversely, both the powdered sample and the SIF sample did not exhibit
reabsorption in this spectral region due to their short propagation lengths, (See Section 3.2.2.2
for the shortcomings of the SIF sample). Interestingly, the polished bulk sample showed signs of
reabsorption despite the steps taken to minimise specular reflections described in Appendix
7.1.7. Thus, it was speculated that this reabsorption was due to diffused Fresnel reflections of PL

emissions emanating from the interior of the bulk sample.
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4.2.1.3.b Ce* PL lifetime and risetime results:

PL emission lifetime ‘Trag’ and PL rise time measurements were performed on the samples listed
in Table 4-3, using in-band pumping with a 4.150 um QCL modulated at 12 Hz. Figure 4-5 shows
the normalised Ce3* PL emission decay from each sample type was measured at wavelengths of
3.800 um, 4.600 um and 5.200 um along with a corresponding fitted exponential function. Note,
the ‘Trad’ at 3.80 um and 5.2 um, for the powdered glass sample, was not measured due to poor
PL signal intensity. The Ce3* PL 10 % to 90 % rise time measurement procedure was performed
on each sample type and Table 4-4 lists both the PL lifetimes and rise times for each sample type.
The 2F7/2 > 2Fs/; PL lifetimes and rise time, measured at wavelengths of 3.800 um, 4.600 um, and
5.200 um, exhibited little variation with each other when considering only a single sample type
at a time, as shown in Figure 4-5 and Table 4-4. This consistency in PL lifetimes and rise times
within a single sample type, was present for each sample type, excluding the powdered sample.
This indicated a consistent temporal behaviour of optical absorption the various Stark levels in
the 2Fs/2 ground state, and subsequent spontaneous emissions from various Stark levels in the
2F;/2 manifold, as illustrated in the inset of Figure 4-4. PL lifetimes and rise times results varied
between sample types.

The lifetimes obtained from the bulk glass, SIF, powdered glass, single material fibre, and co-
extruded rod samples all differed slightly from one another, while rise times differed significantly
between sample types, as shown in Table 4-4. These differences indicated an influence possibly
due to differences in stress/strain, composition, and pump energy density in the sample

geometry.
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Figure 4-5: Normalised Ce** PL lifetime (scatter plot) fitted with exponential decay function (line) for
nominally 500 ppmw Ce cation doped samples using 4.150 um pump laser modulated at 12 Hz with: (a)
annealed bulk (M259REZQT) sample, (b) SIF (F113REZQT(JN&RC)) sample, (c) single material fibre
(F1I09REZQT(RC&JIN)) sample, (d) annealed co-extruded rod (EO94REDF(IN)) sample and (e) powdered
fibre. Note, the M259REZQT and F109REZQT(RC&JIN) samples along with the core of F113REZQT(JN&RC)
sample each have the same Geiso Aszi.0 Gaio Sesso atomic % nominal composition and the core of
EO94REDF(IN): Geiss Aszos Gazo Sesz.4 atomic %. See Table 4-3 for sample specifications and equipment
configuration used, and results summarised in Table 4-4.
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Figure 4-6: Normalised Ce** PL rise time for nominally 500 ppmw Ce cation doped samples using 4.150 um
pump laser modulated at 12 Hz with: (a) single material fibre (FI09REZQT(RC&JIN)) sample, (b) SIF
(F113REZQT(JN&RC)) sample, (c) annealed bulk (M259REZQT) sample, (d) powdered fibre and (e) SIF
(F130RERC sample. Note, the M259REZQT and F109REZQT(RC&JIN) samples along with the core of the
F113REZQT(JN&RC) and the F130RERC samples each have the same Geiso Aszi.0 Gaio Sesso atomic %
nominal composition. See Table 4-3 for sample specifications and equipment configuration used.

129




Chapter 4: Spectroscopy of RE3* chalcogenide glasses

Table 4-4: Summary of Ce* lifetime (Figure 4-5) and rise time measurement results using 4.150 um
excitation source, (see Table 4-3 for sample specifications and equipment configuration):

Sample type and
composition (atomic %)

Measurement
A/ pm

lifetime coefficients for 2F7/2 = %Fs;2

A1

71/ ms

Az

72/ ms

Yo

10% to 90%

rise time for

2Fs/2 > %F7)2
/ ms

M259REZQT
Bulk glass (Annealed
& polished)

(Ge1s.0 Asz21.0 Gaz.o Ses3.0 +
500 ppmw Ce (foil))

3.800

0.809

3.96

0.035

1.11

0.15530

7.20

4.600

0.912

4.05

0.065

1.41

0.01230

7.65

5.200

0.905

3.98

0.044

1.22

0.03861

7.65

F113REZQT(JN&RC)

SIF (un-annealed)
(Core: FLO9REZQT(JN&RC):
Gejs.0ASs21.0 GA1.o S€e3.0 +
500 ppmw Ce (foil)
Cladding M260JN:
Ge16.5AS16.0 GU3.0S€61.5 53.0)

3.800

0.791

3.16

0.093

0.68

0.10510

0.285

4.600

0.752

3.18

0.224

0.79

0.00401

0.326

5.200

0.800

3.24

0.165

0.95

0.02186

0.280

F109REZQT(RC&JN)
Single material fibre

(un-annealed)
(Ge1s.0 As21.0 Gaz.o Ses3.0 +
500 ppmw Ce (foil))

3.800

0.794

4.24

0.159

1.46

0.02992

5.65

4.600

0.656

4.12

0.322

1.33

0.00203

6.40

5.200

0.747

4.23

0.231

1.46

0.00469

5.84

EO94REDF(JN)
Co-extruded glass

rod (annealed &

polished)

(Core: M293REJN:
Gei4.8AS20.8 GAz0S€62.4 +
500 ppmw Ce (foil)
Cladding: M295REJN:
Ges6.5 AS16.0 GA3.0 S€61.5 S3.0
+ 500 ppmw Dy (foil))

3.800

0.755

3.52

0.017

0.48

0.19820

4.600

0.905

3.62

0.083

1.35

0.01056

5.200

0.883

3.59

0.062

1.23

0.05201

Not
evaluated

F130RERC

SIF (un-annealed)
(Core: FLO9REZQT(JN&RC):
Geis.0 AS21.0 GA1.0 S€63.0 +
500 ppmw Ce (foil)
Cladding M287RC:
Ge21.0 Sb10.0 Ses9.0)

4.60

0.386

241

0.543

0.48

0.01964

0.69

5.20

0.549

3.06

0.268

0.88

0.09074

0.26

F109REZQT(RC&JN)
Powdered glass
(single material

fibre, un-annealed)
(Geis.0Asz1.0 Gaz.o Sesso +
500 ppmw Ce (foil))

4.600

0.844

3.47

0.090

1.22

0.06379

3.85
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4.2.2 Praseodymium spectroscopy.

A distilled, nominally Ge1a.s As20.8 Gaz.o See2.4 atomic % + 1000 ppmw TeCls + 500 ppmw Pr (foil)
M276REJN glass rod was produced by the author and subsequently drawn into the single material
fibre F119REJN and cane. Note, the optical and compositional evaluation of this glass can be
found in Section 3.2.5. A portion of the glass rod was processed into a polished bulk glass sample
and used for the presented absorption measurements in Section 4.2.2.1. Another portion of the
bulk glass was ground into powdered glass and used along with a section of the single material
fibre F119REJN for the PL emission measurements presented in Section 4.2.2.3. A separate
section of single material fibore F119REJN was used for the ESA measurements presented in

Section 4.2.2.4.

4.2.2.1 Pr¥* absorption and emission cross-sections:

Figure 4-7 (a) shows the absorption coefficient for a nominally 500 ppmw Pr (foil) doped distilled
M276REJN sample, ostensibly containing 9.62 x 108 cations/cm3. The GSA between the 3Hs4
ground state and the 3Hs, 3He, 3F,, 3F3, 3F4 and G4 excited state levels each ostensibly peaking at
2104 cm, 4095 cm™, 4906 cm™, 6265 cm™, 6725 cm?, and 9710 cm™, respectively can be seen.
Figure 4-7 (b) shows the corresponding the Pr3* energy level diagram. Figure 4-7 (c) shows the
calculated absorption cross-sections for each of the observed GSA bands and the emission cross-
sections for the (3Fs, 3F3) = 3Ha, (3F2, 3Hs) > 3Ha, and 3Hs > 3H, transitions. The underlying [-Se-
H] impurity vibrational absorption bands were numerically removed in Figure 4-7 (a) and (c).

These results agree with the GLS absorption data presented in [118].
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Figure 4-7: Showing: (a) room temperature absorption spectrum of a nominally 500 ppmw Pr (foil) doped
sample, along with (b) the corresponding energy level diagram for Pr* in glass host showing 1.550 um,
1.940 um, 2.013 um and 4.150 um excitation wavelengths which were used in future measurements, and
(c) showing the calculated absorption (solid line) and emission (dashed line) cross-sections for the
M276REIN sample. Note, the Pr’* cross-section calculations assumed several factors (see Section 3.2.8.2
and 4.2.6.1) and thus its accuracy should not be relied upon.
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4.2.2.2 Pr3 literature review:

The NIR and MIR properties of the ‘Pr’ dopant have been well investigated in several host glass

compositions with different excitation schemes due to the Pr3* dopant exhibiting absorption

bands suitable for pumping with readily commercially available sources. Table 4-5 shows the

major Pr3* PL emission bands, some of which were comprised of one or more transitions,

Table 4-5: Pr’* cation PL emission bands found in literature (see Figure 4-7 (b) for energy level diagram):

P Emissi Peak
Transition Composition/ sample type A l/":r: T;:z:'; :i:d A /eim Reference
3Hs > 3Ha Ge-As-Ga-Se 1.550 or
. . ~4.7 11
(3F2, *He) > *Hs 500 ppmw Pr** (SIF) 1.940 351060 [119]
G 3F 1.060 3.1t03.7 ~3.42
3H4 : 3H4 Ge-As-Ga-Se = [17]
CF 35H ) 943,_' 1000 ppmw Pre* 1.500 3.5t0>5.5 ~4.9
2, 6 5
3HS - 3H4 Ge-As-Ga-Se 4150 3.5t06.0 ~4.7 [175]
(3F2, 3He) > 3Ha 500 ppmw Pr3* (single material fibre) ) 2.0t0 2.7 ~25
3Hs - 3Ha
-As-Ga- 3.3t0>6.0 ~4.7
CFa, °Hs) > *Hs 500 ppmw Pfs' é?nG/i’ ?;laateria/fibre) 1.470 ° [176]
3 > PP 9 6.5108.0 6.5
*Hs = 3Ha Ge-As-Ga-Se N
e 3He 500 ppmw Pr* (SIF) 1.550 3.5t06.0 4.7 [149]
3F 3H
3F3: 3H5 Ges6.0Gas.0Ses9.0 20to 2.7 ~25
3H2 5 3H4 Pr3* @ 2x10%, 5x10% and 1x10® cm™® |  1.480 [177]
5 4 . . ~
3He > Hs (Polished disc) 4.0t06.0 5.0
Gas.0Ge20.0Sb10.0Ses.0
3H 3H .
3HSZ 3H4 500 and 1000 ppmw Pr3* (single
6 5 . .
/
material fibre) 2.000 3.4t05.5 ~47 [178]
3Hs=> 3Ha Gas.0Ge20.0Sb10.05€e65.0
3 3 500 and 1000 ppmw Pr3* (single
He - °Hs g
material fibre)
3Hs > 3Ha Ge-As-Ga1.oSe
. . ~4.7
(3F2, 3He) > 3Hs 500 ppmw Pr¥* (single material fibre) 351060
T 1.550 [66]
Hs = °Ha Ge-As-In1.0Se 3.5t0 6.0 ~a7
(3F2, 3Hs) > 3Hs 500 ppmw Pr®* (single material fibre) ) ' )
3Hs—> 3H Ge-As-GaioSe 500 ppmw Pr foil
CF 35H ) 943H (single material 500 ppmw Prl3 1.550 3.5t06.0 ~4.7 [32]
> e > fibres) 500 PrCl3
'Gs > 3He
3F, > 3Ha 1.7to0 2.15 ~1.85
1G4 > 3R Ga-La-S 1.064 [118]
1G4 > 3F3 1.5 mol % Pr2Ss (bulk glass) 2.7t03.1 ~2.77
3H 3H
c 3‘?) ;;H 2.000 34t0>55 ~4.7
2, 6 5
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Table 4-6 shows the Pr3+ PL lifetimes reported.

Table 4-6: Pr¥* PL emission lifetimes found in literature (see Figure 4-7 (b) for energy level diagram):

Transition Host composition / sample type Gl ISR Reference
From To P pletyp Trad / MS Trad / Ms
3Hs 3Ha Ge-As-Ga-Se 10 11.5+0.5
(Fs, °Fa) | °Ha 500 ppmw Pr>* (SIF) 0.23 0.272 £0.003 [119]
3He Ge-As-Ga-Se 3.7 -
3F, 500 ppmw Pr®* (bulk glass) 0.44 -
3Hs 3Ha 15 12
(3F2, 3He) 3Hs 3.4 4.2
Ge-As-Ga-
(3Fa, 3F3) 3He e-As-Ga-Se - [17]
CFa, 3Fs) 3, 1000 ppmw Pr 0.29 0.25
1Ga 3F, 0.36 0.22
F3 F2 Ge-As-Ga-Se - 0.3
3 3 TASTdT _
Sl:j 3:: 500 ppmw Pr3* (single material fibre) . Oé.257 [176]
- Ge-As-Ga-Se
4.7 um emission (SIF sample) - 7.8 [149]
Ge-As-GaioSe 73
P 3+ . I . l . = .
4.7 um emission 500 ppmw Pr3* (single material fibre) [66]
Ge-As-In10Se ) 101
500 ppmw Pr3* (single material fibre) )
Ge-As-GaeS 500 ppmw Pr foil - 10.1and 3.3
. e-AlsThaLese 500 ppmw Prl - 10.4 and 3.2
4.7 um emission (single material 103 2.4 and [32]
fibre) 500 PrCls - ) ,O 2'1

4.2.2.3 Pr3* PL emission measurements:

Pr3* PL emission spectrum and PL lifetime measurements were performed sequentially using four
separate excitation sources operating at wavelengths of 1.550 um, 1.940 um, 2.013 um and 4.150
um on the samples listed in Table 4-7. The 1.550 um excitation scheme used the 3Hs > (3F4, 3F3)
GSA, both the 1.940 um and 2.013 um excitation schemes used the 3Hs = 3F, GSA, and the 4.150

um excitation scheme used the 2Hs > 3Hs GSA, as illustrated in Figure 4-7 (b).
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Table 4-7: Sample codes, composition, dimentions, and equipment configurations used for Pr** PL emission
measurements (see Section 7.3 for description of equipment configuration code).

Code and
Sample nominal . . . . . .
P es Dimensions Figure and equipment configuration
type composition
(atomic %)
Figure 4-8:
A[la-7a] F[9a] |[12a- 13none- 14a -15ai - 16a]
Srele F119REIN Figure 4-9 (a), and Figure 4-11 (e):
maferial (Ge1as Asz0s Gazo 79.68 mm long, A[1a-7a] F[9a] 1[12b- 132.000 swp- 14p -15a!! —16p]
fore (oo Sesz.+ 1000 ppmw | with diameter of A[1¢-7a) F[9a] 1[12b- 132.000 twp- 14b -15aii — 16b]
TeCla + 500 ppmw 209 + 2.4 um. B[7a] F[9a] 1[126- 133.351 swp- 141 -15aii — 16b)
annealed) Pr (foil))
Figure 4-10 (a), Figure 4-11 (a) and (b):
A[1a-7a] F[9a] 1[12b- 133.407 twp- 14b -15aii — 16p]
A[1g-7a) F[9a] 1[125- 133.407 Lwp- 141 -15aii — 16b]
B[7a] F[9a] 1{12b- 134.203 Lwp- 14b -15aii — 16b]
Figure 4-8:
C[14] G[] 1[22b- 13none- 14b -15ai — 164]
Powdered M276REJN . Figure 4-9 (b) and Figure 4-11 (e):
(Ge1s.8 Asz0.s Gaz.o Varying granule C[1a] G[] 1[12a- 13none- 14 -15ai — 16b]
glass .
Seg2.4 + 1000 ppmw | size, 320.6 + 80.8 C[14] G[] 1[12a- 13none- 14 -15aii — 16b]
(annealed - a none a aii
TeCls + 500 ppmw pm diameter.
bulk glass) p i
r (foil)) Figure 4-10 (b), Figure 4-11 (c) and (d):
C[1a] G[] 1[12a- 133.407 Lwe- 144 -15aii — 16b]
C[1d] G[] 1[12a- 133.407 Lwp- 144 -15aii — 16b)
D[3] G[] 1[12b- 134.203 twp- 14b -15aii — 16b)

4.2.2.3.a Pr3* PL emission spectra:

Three distinct Pr3* PL emission bands between, 1.600 to 1.740 pum, 2.100 to 2.800 um, and 3.500

to 6.500 pm were detected and evaluated. Pr3* PL emissions greater than 6.500 um were not

investigated. The three PL emission bands resemble those found in literature (see Table 4-5).

Each of the 2.013 um or the 4.150 um excitation sources resulted in a weak emission band

between 1.550 um to 1.750 um, attributed to the 3F3 = 3H, transition, as shown in Figure 4-8.
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Figure 4-8: Normalised PL emission spectra for nominally 500 ppmw Pr (foil) doped Ge14.5 Asz0.s GA2.0 S€s2.4
atomic % + 1000 ppmw TeCl, single material fibre (F119REJN) sample, and powdered glass (M276REJIN)
sample excited using either a 2.013 um or a 4.150 um pump source, with inset showing Pr3* energy level
diagram (Arrow lengths ARE TO SCALE). Not corrected for system spectral response. See Table 4-7 for
sample specifications and equipment configuration.

Figure 4-8 shows a Pr3* emission spectrum with a shorter wavelength (higher photon energy)
than eitherthe 2.013 um or 4.150 um excitation wavelengths employed, as illustrated in the inset
in Figure 4-8. Thus, this emission band could only have occurred due to ESA of either pump source
and/or ESA of Pr3* PL. Considering Table 4-5, to the best of my knowledge, this is the first reported
instance of up-conversion into the 3F3 manifold. The ~1.6 um Pr3* PL emission band in Figure 4-8

shows good agreement with the calculated (3F4, 3F3) > 3H4 emission shape in Figure 4-7 (c).

Application of each excitation source (1.550 um, 1.940 um, 2.013 um and 4.150 um), on the
samples listed in Table 4-7, resulted in a Pr3* emission spectrum between 2.100 to 2.800 um, as
shown in Figure 4-9 (a) and (b), and was attributed to both the (3F4, 3F3) = 3Hs and (3F,, 3Hg) >

3H, transitions. Interestingly, the shape of the 2.100 to 2.800 um Pr3* PL emission spectra in
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Figure 4-9 (a) and (b) was influenced by the excitation wavelength used, indicating a change in

contributions of the radiative transitions comprising the emission band.
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Figure 4-9: Showing normalised PL emission spectra for nominally 500 ppmw Pr (foil) doped Geis.s Aszo.s
Ga,.0 Sesz.4 atomic % + 1000 ppmw TeCl, sample of: (a) single material fibre (F119REJN) with inset showing
Pr3* energy level diagram (Arrow lengths ARE TO SCALE), and (b) Powdered glass (M276REJN). Not
corrected for system spectral response. See Table 4-7 for sample dimensions and equipment configuration.
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The 1.550 um excitation scheme resulted in Pr3* PL emissions peaking around 2.450 um (4082
cm?), which matched the 3F; - 3Hs transition. While the 1.940 um, 2.013 um and 4.150 pm
excitation schemes each resulted in Pr3* PL emissions peaking around 2.360 um (4237 cm™) which
matched the 3Hg - 3Ha transition, as illustrated in the inset of Figure 4-9 (a). Additionally, in
Figure 4-9 (a) the Pr3* emission spectrum produced due to the 4.150 um excitation scheme could

only have occurred due to ESA of the pump and/or Pr3* PL, as illustrated in inset of Figure 4-9 (a).

Each excitation source (1.550 um, 1.940 um, 2.013 um and 4.150 um) resulted in a Pr3* PL
emission band between 3.400 to 6.500 um in wavelength as shown in Figure 4-10 (a) and (b),
which could be attributed to the 3Hs = 3Ha, (3F2, 3He) = 3Hs and (3F4, 3F3) > (3F,, 3He) transitions.
The 1.550 um, 1.940 um and 2.013 um excitation schemes each resulted in similarly shaped
emission bands, indicating identical radiative transitions. Comparing the emission spectra Figure
4-10 (a) and (b), the powder sample exhibited slightly greater relative intensity at 4.500 um when
compared to the single material fibre sample due to lower [-Se-H] impurity resonantly absorbing
and transferring PL into vibrational quanta along the PL propagation path.

The ~4.7 um PL emission spectrum in Figure 4-10 does not match the calculated 3Hs > 3H,4
transition shape in Figure 4-7 (c). Unsurprisingly, this is due to the ~4.7 um PL emission band
being comprised of transitions from multiple energy levels, as illustrated within the inset in Figure

4-10.
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Figure 4-10: Showing normalised PL emission spectra for a nominally 500 ppmw Pr (foil) doped Geis.8 Asz.8
Ga..0 Sesz.4 atomic % + 1000 ppmw TeCl, sample of: (a) single material fibre (F119REJN) with inset showing
Pr3* energy level diagram (Arrow lengths ARE TO SCALE), and (b) powdered glass (M276REJN). See Table
4-7 for sample dimensions and equipment configuration. Note, a portion of the emission spectrum
resulting from the 4.150 um excitation scheme (grey plot), below 4.500 um, was omitted due to the
presence of unabsorbed 4.150 um QCL light.

4.2.2.3b

Pr3* PL lifetime results:

PL emission lifetime ‘Trad” measurements were performed on the samples listed in Table 4-7 using

the 1.940 pum 2.013 pm and 4.150 pum excitation sources. These lifetime ‘Trag’ measurements
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focused on the 2.100 to 2.800 um and the 3.400 to 6.500 um Pr3* PL emission bands; shorter
wavelengths were omitted due to weak PL intensity. Figure 4-11 shows the normalised Pr3* PL
emission decay from each sample type, along with a corresponding fitted exponential function.
Additionally, Table 4-8 lists the Pr3* PL lifetimes for each sample type.

Lifetime measurements at wavelengths of 4.440 um, 4.720 um and 5.000 um were consistently
best fitted with a two-term exponential function, as shown in Figure 4-11 (a) to (d), and Table
4-8. These results predominantly consisted of a longer ‘t1’, at ~ 10.5 ms, attributed to the 3Hs >
3H,4 transition, along with a less frequent and shorter ‘t2’, at ~ 3.6 ms, attributed to the (3F2, 3He)
- 3Hs transition, as illustrated in the inset in Figure 4-10 (a). This result indicated consistent
contributions from each of these transitions over the entire emission band.

Lifetime measurements for the 2.100 to 2.800 um Pr3* PL emission band were fitted to a single-
term exponential function due to the relatively weak PL intensity, as shown in Figure 4-11 (e).
These results principally consisted of ‘71", at ~ 3.6 ms, attributed to the (3F,, 3H¢) > 3Ha transition,
as illustrated in the inset in Figure 4-9 (a). However, considering Figure 4-9 (a) and (b), these Pr3*
PL emission spectrum measurements indicated contributions from the (3Fs, 3F3) = 3Hs transition
which would exhibit a “t1” at ~ 0.24, as found in literature and listed in Table 4-6.

Lifetime results measurements varied between fibre and powdered sample types. The fibre
sample, which possessed a longer propagation path, exhibited slightly longer lifetimes under

similar excitation schemes when compared to the powdered sample.
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Figure 4-11: Normalised Pr** PL lifetime (scatter plot) fitted with exponential decay function (line) for (a)
single material fibre (F119REJN) sample with 1.940 um pump, (b) single material fibre (F119REJN) with
4.150 um pump, (c) powdered bulk glass (M276REJN) with 1.940 um pump, (d) powdered bulk glass with
4.150 um pump and (e) Both single material fibre sample and powdered bulk glass with 2.013 um and
4.150 um pump sources. Note, each pump source was modulated at 10 Hz, and both samples had the same
Ge1s.s Asz0.s Gaz.0 Ses24 + 1000 ppmw TeCls + 500 ppmw Pr (foil) composition. See Table 4-7 for sample
dimensions and equipment configurations, and results summarised in Table 4-8.
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Table 4-8: Summary of Pr¥* lifetime measurement results in Figure 4-11 (see Table 4-7 for sample
specifications and equipment configurations):

Sample type and

Lifetime coefficients

i Pump | Measurement A
composition A/ um / um
(atomic %) K K A1 T1/ ms Az T2/ ms Yo
F119REJN 4.440 0.830 10.28 0.125 0.50 0.04705
Single material fibre | 1.940 4.720 0.838 10.28 0.109 1.60 0.02384
(éun'aznealgd) 5.000 0.839 10.29 0.119 0.45 0.04999
€14.8 AS20.8 GA2.0
Sesrs + 1000 ppmw 4.440 0.738 11.55 0.201 3.90 0.04413
TeCly + 500 ppmw Pr | 4.150 4,720 0.759 11.44 0.210 3.75 0.02182
(foil)) 5.000 0.753 | 11.47 | 0.195 3.75 | 0.03775
M276REIN 4.400 0.679 9.51 0.275 3.45 0.04086
Powdered glass 2.013 4,720 0.702 9.44 0.266 3.56 0.02596
(annealed bulk 5.000 0.677 9.54 0.274 3.66 0.04417
glass) 4.400 0.762 10.19 0.132 3.78 0.0858
(Geia.8 Asz0.8 Gaz.o
Sess.4 + 1000 ppmw 4.150 4,720 0.801 10.37 0.163 3.97 0.02878
TeC/4+50Qpme pr ' 5.000 0.755 10.53 0.179 4.36 0.05951
(foil) 5.500 0.603 | 11.17 | 0.259 518 | 0.12920
F119REJN
Single material fibre | 1.940 2.359 0.646 3.79 0.300 0.47 0.06590
(un-annealed)
(Geia.8 Asz0.8 Gaz.o
Sess.4 + 1000 ppmw
TeCls + 500 ppmw Pr 4,150 2.353 0.722 4.95 0.158 0.99 0.09082
(foil))
M276REJN
Powdered glass 2.013 2.250 0.707 2.88 0 0 0.2467
(annealed bulk
glass)
(Geis.8 Asz0.8 Gaz.o
Sesz.4 + 1000 ppmw 2.013 2.340 0.691 2.86 0 0 0.2643
TeCl, + 500 ppmw Pr
(foil))

The predominant ‘T1’ constituent of Pr3* PL lifetimes, measured at wavelengths of 4.400 pm,

4.720 um, and 5.000 um, revealed that a longer wavelength pump source (4.15 um QCL) resulted

in longer lifetimes when compared to a shorter wavelength pump source (~2 um pump laser), as

shown in Figure 4-11 and Table 4-8. This trend was present for each sample type evaluated with

the two pump sources.
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4.2.2.4 Pr3* ESA measurements

ESA measurements were performed on a distilled, nominally 500 ppmw Pr (foil) doped Geiss
Asyo3 Gazo Ses2.s atomic % + 1000 ppmw TeCls F119REJN single material fibre sample 304 mm
long, with a diameter of 99.4 £ 3.0 um. This single material fibre sample was exposed to CW pump
light from a 1.550 um excitation laser to induce the 3Hs > (3Fs3, 3F4) GSA, a subsequent ESA
measurement using the same sample was performed using a 1.940 um excitation laser to induce
the 3Hs4 - 3F, transition. Figure 4-12 (a) and (b) show the room temperature, steady state, relative
change in intensity of the transmitted probe-light with pump, relative to no pump present.
Additionally, the inset within Figure 4-12 (a) shows the attenuation spectrum of a separate
F119REJN fibre sample. Note, this attenuation spectrum represents the zero-change axis (along
the wavelength-axis) in the accompanying ESA spectrum in Figure 4-12 (a) and (b).

Both the 1.550 um and 1.940 um excitation schemes resulted in similarly shaped spectrain Figure
4-12 (a) and (b), indicating identical excited state transitions responsible for observed spectral
features. However, the shapes of these two ESA spectra are likely to diverge at wavelengths less
than 2.300 um, due to differences in the predominant decay path for each excitation source, as
evident by the divergent Pr3* PL emission spectra for the 2.100 to 2.800 um spectral region seen
in Figure 4-9 (a) and (b). The spectral region below 2.300 um was not evaluated due to the optical
filter/dichroic mirror used (see item 4 in Figure 4-2).

Comparing these ESA spectra in Figure 4-12 (a) and (b) to the attenuation spectrum in inset Figure
4-12 (a), no prominent features were observed at 2.400 um and 3.650 um in the attenuation
spectrum, thus confirming the latent nature of these unobstructed regions of these ESA bands

which are present in the ESA spectra.
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Figure 4-12: Showing changes in transmitted probe light intensity, under application of continuous wave
pump, for a 304 mm long, nominally 500 ppmw Pr (foil) doped Geiss Aszo.s Gaz.o Seszs atomic % + 1000
ppmw TeCl, single material fibre (F119REIN) sample of diameter: 99.4 + 3.0 um, using: (a) 1.550 um
excitation laser with inset showing attenuation spectrum of F119REJN single material fibre (see Figure
3-25 (b) for additional details), and (b) 1.940 um excitation laser. Note, ESA bands listed in Table 4-9.

Table 4-9 lists each significant spectral feature, observed in Figure 4-12 (a) and (b), along with the
corresponding proposed energy level transitions responsible, while Figure 4-13 shows the Pr3*
electronic energy level diagram, inclusive of arrows for proposed energy level transitions. The 3Hs
energy level was postulated as the predominant initial state from which ESA took place due to its
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relatively long lifetime of ~ 10.5 ms, as obtained in Section 4.2.2.3.b. These proposed energy level
transitions match the corresponding Pr3* energy level spacing. However, it must be noted that
additional transitions between alternate energy levels were not ruled out; moreover, these
alternate transitions could have also been partially, or completely, obscured by overlapping GSA
bands. The ESA band centred around 2.400 um, in Figure 4-12 (a) and (b), matched the 3Hs > 3F3
upward transition, see Figure 4-13. While the ESA band peaking at 3.650 um matched the 3Hs >
3F, upward transition. Considering the PL lifetime measurements in Section 4.2.2.3.b the ‘17,
lifetime at ~ 3.6 ms was present throughout the 4.400 to 5.500 um spectral region, and was
attributed to the (3F,, 3He) > 3Hs transition. This indicated that the 3Hs > (3F,, 3Hs) ESA band
would also be present throughout the 3.500 to 6.500 um spectral region, as reported in [175],
and as evident by the presence of the ~1.7 and ~2.3 um Pr3* PL emission bands when employing
the 4.150 um pump, and shown in Figure 4-8, Figure 4-9 (a), Figure 4-10 (a) and (b) and Figure
4-11 (b) and (d). This ESA band was obscured by the 3Hs = 3H4, GSA. Both the PL lifetime
measurements and the presence of this ESA band indicate a dynamic between the (3F2, 3H¢) and
3Hs manifolds.

The ESA band peaking at 3.650 um partially overlapped a SE/GSD (stimulated emission/ground
state depletion) band centred at 4.74 um, which matched both the 3Hs = 3H4 and 3He - 3Hs
transitions. Thus, it was postulated that the spectral overlap of the 3Hs > 3F; against the (3Hs =
3H4) and (3He = 3Hs) transitions resulted in a zero-change point at 4.110 um, at ~35 dB/m
attenuation. Note, these two transitions are further explored via numerical modelling in
[179].The weak ESA bands at 8.110 pum and 9.670 um were speculated to be due to the 3F, - 3F3

transition, due to Pr3* PL emissions measurements reported in [176].
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Table 4-9: Proposed Pr** electronic transitions to account for observed spectral features in Figure 4-12.
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Note, GSD- Ground State Depletion, and SE- Stimulated emission.

To investigate the influence of ESA transitions on the Pr3* PL intensity during excitation a ‘co-
propagating’ equipment configuration was devised and implemented, as illustrated in Figure
4-14. A nominally 1000 ppmw Pr3* doped single material fibre FO87REDJ, produced by Dr Dinuka
Jayasuriya, was evaluated. In this configuration beams from the 1.542 um pump sources and a
broadband IR beam were combined using a 50/50 beam splitter filter, item 7 in Figure 4-14. These

two beams were then focused into the sample, item 10 in Figure 4-14. The resulting Pr3* PL
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emissions from the fibre were collected from the opposite end of the fibre and evaluated. The

change in RE3* PL emission intensity was calculated using the following equation:

Change in PL intensity (dB) = 10 X log;, (

>

0 NoOwv

9.

@ ® ® ©® ©® ® o

PL intensity with broadband IR source on ) Equation 4-3
PL intensity with broadband IR source of f

| i6,
: o
: 77000 | ¢ £ *F,
i ~. 6000 o~ = [t} *Fy
' @ l.% '1 o 5F
5000 H
A £ = c A :
S 4000 El *Hg
r~
2 3000 <
m ¥ 3
= 2000 Hs
1000
0 y 3H,

Fibre coupled tuneable source (Agilent, 8164B + 8198- tuneable module, with
EDFA: IRE-POLUS EAD-2W-C) operated at a wavelength of 1.542 pm in CW 10.
mode.

Collimator (Thorlabs, F220APC-1550) mounted on a XYZ translational stage.
Optical chopper (Scitec Instruments) operated at 200 Hz. 11.
Broadband IR light source (Tungsten carbide filament), 12 volts at 1.56 + 0.05 12.
amperes operated in CW mode. With launch power ~ 20 mW at position ‘A’.
CaF, lens, f =40 mm (Thorlabs, LA5370). 13.
Thermal power meter (Thorlabs, C-Series S302C). 14.
CaF, 50/50 beam splitter (Thorlabs, BSW520) mounted in kinematic mount.
Focusing lens, aspheric lens, f = 5.95 mm (Thorlabs, 390028-E) on XYZ
translational stage. 15.

Pr¥+ energy level diagram

Single material fibre: FO87REDJ a nominally 1000 ppmw Pr3* doped
GeysAs;iSeqsGa; atomic %, sample 195 mm long, with a 170 pum
diameter.

CaF, lens, f =20 mm (Thorlabs, LA5315) on XYZ translational stage.

Ge lens, f = 12.5 mm (Edmund Optics #89-607) on XYZ translational
stage.

3.407 um LWP (long wave pass) optical filter (see ).

Monochromator (Spex Minimate equipped with diffraction grating
blazed at 6.000 um) with 1 mm entrance and exit slits, supplied with
dry, purged atmosphere (reduced H,0 & CO, concentration).

MCT (mercury cadmium telluride) detector (Vigo Systems, PVI-4TE-6).

Stainless steel V-groove fibre holder used to mount the single material fibre. Note, quoted launch power estimated at position ‘A’

Figure 4-14: Illlustration showing ‘co-propagating’ equipment configuration used to evaluate a 1000 ppmw
Pr** doped single material fibre FO87REDJ sample, along with inset showing the Pr’* energy level diagram.
Note, the control/data acquisition configuration used is described in Appendix 7.2.4.4.

Figure 4-15 shows the Pr3* PL emission spectrum and change in Pr3* PL emission intensity spectra

obtained from a single material fibre FO87REDJ sample, with a 170 um diameter, 19.5 cm long. A
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3.407 um LWP filter was used as item 13 in Figure 4-14 to prevent the 2" order diffraction of

~2.4 um Pr3* PL emission band from influencing the measurement.

—
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Figure 4-15: A nominally GesAs21Ses3Ga; atomic % doped with 1000 ppmw Pr (foil) single material fibre
FO87REDJ sample, with 170 um diameter and 19.5 cm long, excited with 1.542 um pump source using the
equipment configuration shown in Figure 4-14, showing: (a) Pr’* PL emission spectra with and without
application of broadband IR source, and (b) changes in Pr’* PL intensity due application of broadband IR
source.

Figure 4-15 (a) shows a reduction in Pr3* PL intensity within the 3.4 um to ~4.0 um spectral region

while the broadband IR source was ON. Additionally, the Pr3* PL emission band shown differed
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from the Pr3* PL spectra presented in Section 4.2.2.3 due to the underlying [-Se-H] vibrational
impurity (see Table 2-4) within the long propagation length of the sample.

Figure 4-15 (b) shows an ESA band spanning the 3.4 um to ~4.0 um spectral region influencing
the intensity of the Pr3* PL emission intensity. These results were noisy, however the spectral
feature spanning the 3.4 um to ~4.0 um spectral region agrees with the ESA measurements
presented in Section 4.2.2.4. It was postulated that the change in Pr3* PL intensity within the 3.4
um to ~4.0 um spectral region was due to ESA from the 3Hs manifold which caused a reduction

in 3Hs—> 3H4 PL intensity.
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4.2.3 Samarium spectroscopy.

An undistilled, nominally Ge19.4Sbg7 Gaz.oSes7.9 atomic % + 1000 ppmw Sm (foil) M227RERC glass
rod was made by PhD student Richard Crane and subsequently drawn into single material fibre
FO99RERC, using the procedure described in [36]. Note, the optical and compositional evaluation
of this glass can be found in Section 3.2.7. A portion of the bulk glass M227RERC rod was
processed into a bulk glass sample and used for the presented absorption measurements in
Section 4.2.3.1. Portions of the single material fibre FOQ9RERC were used for the PL emission

measurements and ESA measurements in Sections 4.2.3.3 and 4.2.3.4, respectively.

4.2.3.1 Sm?* absorption and emission cross-sections:

Figure 4-16 (a) shows the absorption coefficient spectrum for an undistilled, nominally 1000
ppmw Sm (foil) doped sample M227RERC, ostensibly containing 1.84 x 10'° cations/cm3. The GSA
between the ®Hs/; ground state and its excited state levels can be observed. The (°Hs/2 = °F11/2)
transition was the shortest observed GSA, centred at 10304 cm™ (0.970 um), shorter absorptions
were either very weak or obscured by the high energy optical bandgap absorption edge of the
Ge-Sb-Ga-Se host glass. Figure 4-16 (b) shows the corresponding Sm3* energy level diagram.
Figure 4-16 (c) shows the calculated absorption cross-sections for each of the observed GSA
bands. The underlying [-Se-H] impurity vibrational absorption bands were numerically removed.
These results agree with the GLS absorption data presented in [118]. Note, the underlying [-OH]

impurity vibrational absorption band was not numerically removed in Figure 4-16 (a) and (c).
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Figure 4-16: Showing: (a) absorption coefficient spectrum of a nominally 1000 ppmw Sm (foil) doped
M227RERC sample, along with (b) the corresponding energy level diagram for Sm®* in glass host showing
1.535 um, 1.940 um, and 2.013 um excitation wavelengths used in future measurements, and (c) showing
the calculated M227RERC absorption cross-sections. Note, the Sm>* cross-section calculations assumed
several factors (Section 3.2.8.2 and 4.2.6.1) and thus its accuracy should not be relied upon.
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4.2.3.2 Sm?* literature review:

The NIR and MIR properties of the ‘Sm’ dopant have received relatively little attention, despite

exhibiting GSA bands suitable for pumping with readily commercially available sources. This is

possibly due to the transitions between the closely spaced levels in the Sm3* energy level (see

Figure 4-34) being dominated by non-radiative multi-phonon decay. Table 4-10 shows the PL

emission bands exhibited by the Sm3* cation, while Table 4-11 shows the relatively radiative

lifetimes of these emission bands.

Table 4-10: Sm>* PL emission bands found in literature (see Figure 4-16 (b) for energy level diagram):

- Composition / sample Pump Emission band Peak
Transition Reference
type A/ pm range / um A/ pm
®F1/2 = ®Hsp Gas.0Ge20.0Sb10.0Sess.0 1.5t01.8 ~1.67
5H13/2 > ®Hsp2 Either 500 or 1000 1.450 or 1.8to2.1 ~1.95 37]
5H13/2 > ®Hoy2 ppmw Sm?3* (single 2.050 3.2t04.5 ~3.7
®H13/2 > ®Hi12 material fibres) 6.0t09.0 ~7.3
5H13/2 > ®H7.2
5H11/2 > ®Hsp2 1.470 2.2t03.2 ~2.7
®F1/2, °F3/2, ®His/2) = °H
(P2 6H3/2/ 9156/;)/ L (Ge-Sh-Se)97.0Gas.0
13/2 9/2 .
SH1/2 > Hipz 1000 ppmw Sm (fol) 3.2t04.5 ~36 [36]
6 6 p 6 (single material fibre) 1.470 or
(°F1/2, ®F3/2, ®His/2) = ®Hi1z 1300
8H13/2 = ®H11/2 '
6.3t08.7 ~7.7
5H11/2 > ®Hop2 °

Table 4-11: Sm>* PL emission lifetimes found in literature (see Figure 4-16 (b) for energy level diagram):

Transition Composition / sample | Calculated Measured
Reference
From To type Trad / Ms Trad / Ms
6F1/2 + ®F3/2 + ®H1s2 5Hs/2 GasoG Sbio oS 0.39 0.005 + 0.002
*Hs 5Hs2 35.05€2009010.05€65.0 434 0.011 +0.002
. . 500 ppmw Sm?3* (single [37]
Hiz/2 Ho/2 s 4.34 0.011 + 0.002
material fibres)
6H11/2 6.61 -
6 6
6H13/2 6H9/2 ) 0.102
Hi1/2 Hz/2 (Ge-Sb-Se)97.0Gas.0
®H13/2 5H11/2 1000 ppmw Sm (foil) [36]
®H11/2 ®Ho/2 (single material fibre) - 0.097
(8F1/2 + ®F3/2 + ®H1s/2) 5H11/2
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Notably, depending on the host material, fabrication process, and excitation conditions the Sm
cation can exhibit two stable valence states, a divalent state, (Sm?*) or the trivalent state (Sm3*)
and both valence states can coexist [23,24,118,180]. Moreover, the ‘Sm?" possesses an
electronic configuration of [Xe] 4fs, like trivalent promethium (Pm?3*), with available ‘4f’ electrons

for 4f = 4f transitions, thus is likely to exhibit MIR PL.

4.2.3.3 Sm3* PL emission measurements

Sm3* PL emission spectrum and PL lifetime measurements were performed sequentially using
three separate excitation sources operating at wavelengths of 1.535 um, 1.940 um and 2.013 um
on the samples listed in Table 4-12. The 1.535 um excitation scheme used the ®Hs/> = °F1/2 GSA,
while both the 1.940 pm and 2.013 um excitation schemes used the ®Hs;» & ®Hi32 GSA, as

illustrated in Figure 4-16 (b)

Table 4-12: Sample codes, composition, dimentions, and equipment configurations used for Sm3 PL
emission measurements (see Section 7.3 for description of equipment configuration code).

Code and nominal
Sample type | composition (atomic | Dimensions Figure and equipment configuration
%)

Figure 4-17:
A[ld'7a] F[9a] |[12a‘ 1324000 LWP- 14a '153i - 16b]

Single material | FO99RERC 88.71 mm long, Figure 4-18 (a):
fibre (un- | (Geis.s Sba.7 Gaso Seszs + | with diameter of g al )
annealed) 1000 ppmwsm (foll)) 216 + 21.5 um. A[la'7a] F[ga] |[12a' 132.484 LWP- 14a '153” - 16b]
Figure 4-18 (a) and Figure 4-19:
A[1c-7a] F[9a] 1[12a- 132.484 Lwp- 144 -154i — 16p]
Single
. FO99RERC ~48 mm long, | _.
material o Figure 4-19:
fibr (un (Geis.s Sha7 Gaso Seszs + | with diameter A[Lo-7] F[9.] I[126- 13 140 15 164
e u 1000 ppmwsm (fOIl)) Of ~210 um. a-/a a b 3.407 LWP b none b
annealed)
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4.2.3.3.a Sm3* PL emission spectra:

Three distinct Sm3* PL emission bands spanning between ~2.00 to 2.300 um, 2.400 to 3.200 pum,
and 3.230 to ~5.000 um were detected and investigated, like those found in literature (see Table
4-10). Sm3* PL emission greater than 6.500 um were not investigated.

Application of the 2.013 um excitation source resulted in two weak emission bands between
~2.00 to 2.300 um and 2.400 to 3.200 um, as shown in Figure 4-17, which were attributed to the

®H13/2 > ®Hs/2, and ®H11/2 > CHs) s transitions, respectively.

1.1 11000 6 6
F Hyy/2 = ®Hg),
ooy T 'ur / 5/
1 5000 Fara
0.9 - 8000 ::7:'2 Single material fibre: Geis.4 She.7 Gas Sesy.o with
. £ 7000 SFS;;ZZ 2.013 um @ 565 mW
T g000 Fia
0.8 2z ®Hyspz
£ 5000 25 H
EA 132
2 4000 J 3 & z
0.7 S fon T H
z 3000 _E, = g_ 112
= H
0.6 = 2000 m E\‘ "‘N‘* 92
1000 | . 5H
0.5 0il Y Y sHm
’ Sm* energy level diagram

0.4

0.3

(2.013 um pump) / a.u.

0.2

0.1

Normalised fibre FO99RERC Sm3* PL emission intensity

2.1 2.3 2.5 2.7 2.9 3.1 3.3
Wavelength / um

Figure 4-17: Normalised PL emission spectra for nominally 1000 ppmw Sm (foil) doped Gei9.4 Sbe; Gas.o
Sesz.9 atomic % single material fibre (FO99RERC) sample using a 2.013 um pump source with inset showing
Sm3* energy level diagram (Arrow lengths ARE TO SCALE). Not corrected for system spectral response. See
Table 4-12 for sample dimensions and equipment configuration used.

The ~2.00 to 2.300 um emission band was partially truncated by the 2.00 um LWP filter used in

the equipment configuration to block any unabsorbed 2.013 pm pump light.
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Application of either the 1.535 um or the 2.013 pum excitation source resulted in an emission
band between 3.230 to ~5.000 um, as shown in Figure 4-18. This PL emission band could
potentially be attributed to at least three different radiative transitions; (°F1/2, °His/2) = ®Hi1/2,

®H13/2 = ®Hoy2, and ®H11/2 = ®Hy, as illustrated within the inset in Figure 4-18.
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= 09 8000 Fin
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Figure 4-18: Normalised PL emission spectra for nominally 1000 ppmw Sm (foil) doped Geis.4 Sbe.7 Gas.o
Ses7.9 atomic % single material fibre (FO99RERC) sample using 1.535um and 2.013 um pump sources with
inset showing Sm>* energy level diagram (Arrow lengths ARE TO SCALE). Not corrected for system spectral
response. See Table 4-12 for sample dimensions and equipment configuration used.

Both the 1.535 pum and the 2.013 um excitation schemes resulted in similarly shaped emission
spectra, as shown in Figure 4-18, indicating that they were comprised of similar radiative
transitions, as illustrated within the inset in Figure 4-18.

The weak intensity of the 2.400 to 3.200 um emission band shown in Figure 4-17 and Figure 4-18,

was attributed to reabsorption due to the ®Hs;, = ®Hi3/2 GSA, along with the overlapping [-OH]
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impurity vibrational absorption resonantly absorbing and transferring PL into vibrational quanta.
Conversely, the 3.230 to ~5.000 um emission band, shown in Figure 4-18, exhibited a greater
intensity because it did not terminate at the ground state, as illustrated within the inset in Figure

4-18, and overlapped a relatively small [-Se-H] absorption, peaking around 3.5 um.

4.2.3.3.b Sm3* PL lifetime results:

PL emission lifetime ‘Trad’ measurements were performed on the samples listed in Table 4-12
using either a 1.535 um or a 1.940 um excitation source. These lifetime measurements focused
on the 3.230 to ~5.000 um Sm3* PL emission band. Evaluation of the ~2.00 to 2.300 um, and 2.400
to 3.200 pm Sm?3* PL emission bands were omitted due to low PL intensity. Figure 4-19 (b) shows
the normalised Sm3* PL emission measurement results, along with the corresponding fitted
exponential function for each sample. Note, a nonstandard equipment configuration was
employed for PL lifetime measurements using the 1.535 um excitation source to avoid utilizing
an EDFA, (erbium doped fibre amplifier), which would otherwise be connected to the 1.535 um
source. This limited the maximum output power to less than 30 mW. The equipment
configuration is shown in Figure 4-19 (a), employed a 3.407 LWP (long wave pass) filter in place
of a monochromator to maximise the Sm3* PL intensity detected for wavelengths greater than

3.407 pm.
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Figure 4-19: Showing (a) Equipment configuration used for lifetime measurements of nominally 1000
ppmw Sm (foil) doped Geig.4 Sbe.; Gas.o Ses7.o atomic % single material fibre (FO99RERC) sample using a
1.535 um pump source, and (b) Normalised Sm** PL lifetime (scatter plot) fitted with exponential decay
function (line) for two separate single material fibre (FO99RERC) samples excited with 1.535 um and 1.940
um pump sources modulated at 10 Hz. Note, both samples had the same Ge19.4 Sbe.7 Gas.o Ses7.9 atomic %
+ 1000 ppmw Sm (foil) composition. See Table 4-12 for sample dimensions and equipment configuration

used.

The PL lifetime measurement at 3.800 um, shown in Figure 4-19 using the 1.940 um pump source,

was best fitted using a two-term exponential function, which predominantly consisted of a longer

157



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

‘Ty’, at ~ 128.2 us, along with a less frequent shorter ‘r3’, at ~ 14.4 ps. The PL lifetime
measurement for wavelengths greater than 3.407 um, shown in Figure 4-19 using the 1.535 um
pump source, was best fitted using a three-term exponential function, which predominantly
consisted of a ‘r1’, at ~ 56.09 us, followed by ‘Ty’, at ~ 169.49 us and ‘r3’, at ~ 12.4 ps. Notably,
the values of ‘2" obtained from the different excitation schemes were close to each other in
value and similar in magnitude to lifetime measurements found in [36], this similarity was also
present for the ‘t3’ results. This indicated that both excitation schemes shared at least two
common radiative transitions, possibly the ®His/2 = ®Hg/2, and ®Hi1/2 = ®Hy/; transitions, see inset
with Figure 4-18, and as evident by the similarly shaped Sm3* PL emission spectra shown in Figure

4-18.

4.2.3.4 Sm3" ESA measurements

ESA measurements were performed on an undistilled, nominally 1000 ppmw Sm (foil) doped
Ge19.4 Sbg.7 Gasp Ses7.9 atomic % FO99RERC single material fibre sample 300 mm long, with a
diameter of 189.6 * 8.3 um. This single material fibre sample was exposed to CW pump light from
a 1.535 pum excitation laser to induce the ®Hs, > ®Fi2 GSA. Figure 4-20 show the room
temperature, steady state, relative change in intensity of the transmitted probe-light with pump,
relative to no pump present, for the fibre sample. Additionally, the inset within Figure 4-20 shows
the attenuation spectrum of a separate FO99RERC fibre sample. Note, this attenuation spectrum
represents the zero-change axis (along the wavelength-axis) in the accompanying ESA spectrum
in Figure 4-20. Comparing the ESA spectra in Figure 4-20 to the FO99RERC attenuation spectrum

inset, no prominent features were observed at ~ 2.5 um, ~ 3.5 um and ~ 5.0 um in the attenuation
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spectrum, thus verifying the latent nature of these unobstructed ESA bands that were present in

the corresponding ESA spectrum.
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Figure 4-20: Showing changes in transmitted probe light intensity, under application of a 1.535 um
continuous wave pump laser for a 302 mm long, nominally 1000 ppmw Sm (foil) doped Geis.4 Sbe.; Gaszo
Seszo atomic % single material fibre sample (FO99RERC) with diameter of 189.6 + 8.3 um, with inset
showing attenuation (dB/m) vs. Wavelength (um) for FO99RERC single material fibre sample (see Figure
3-32 for additional details on FO99RERC attenuation spectrum). Note, spectral regions between 2.6 to 3.0
um, and 4.1 to 4.6 um, were omitted due to the °Hss, - ®Hi1/> GSA + [-OH] impurity absorption, and the
®Hs/, > °Hqy GSA + [-Se-H] impurity absorption, respectively. Note, ESA bands are listed in Table 4-13.

Table 4-13 lists each significant spectral feature, observed in Figure 4-20, along with the
corresponding proposed energy level transitions responsible for these features, while Figure 4-21
shows the Sm3* electronic energy level diagram, inclusive of arrows for proposed energy level
transitions. The obtained spectra were very weak and noisy, this, coupled with the inherently

complex Sm3* energy level scheme, made speculating the transitions responsible for the
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observed features uncertain. Hence the presented Sm3* ESA transitions are more tentative than

the Pr3*, Tb3*, and Dy3* dopants evaluated.

Table 4-13: Proposed Sm>* electronic transitions to account for observed spectral features in Figure 4-20.

A/ um .
/ u L. Proposed electronic £ £ £ £
(see Figure | Description transition iq 3g g < g <
wn
4-20) 11000 D g g g
~2.0 um Either SE 6
His/2 = 6H
(5000 cm) | and/or GSD 13/2 5/2 10000 A -
11/2
8H7/2 = ®Hispo, 9000 A A
Ho/2 > (®His/2, SF1/2), A F
~2.5um Indistinct 5H11/2 = SFyp2, e
(4000 cm'1) ESA 6H13/2 -> 6F9/2, 8000 a GF
and £ A 7/2
= Al
(®H1s/2, ®F1/2) = ®F1172 e S
7000 h:,- g Fs/2
o = ¢ °F3/2
~27um | Either SE S 6 € 5 O
(3700 cm?) | and/or GSD 172 == "Hs/2 ~ —S—< Ao @ o Y2
~6000 o His/
o =
N 0
(] 2 c
o o
8H;/, = SHi1p2, g £ A 6
3
6Ha/2 > SH1s/2 §5000 + |—@—5—=< ® 13/2
’ o .=
~3.5um Indistinct ®H1172 = (5F1/2, SHisp2), g o E
(2850 cm) | ESA SHys/2 > F7p2, = Y E
and 4000 £ "
3
(8H1s/2, 6F1/2) > 6Fo/2 @ S @ @ 11/2
o™
< c
~4.3um Either SE 6Ha )y < 614 3000 v
(2300 cm™) | and/or GSD 9/2 == "Hs/2 ‘2
o—@ o2
~50um | Indistinct sz > (Fsz, %Fava) 2000 g
(2000 cm) | ESA and 8
(®F3/2, ®Fs/2) = 6Fgy o
1 6H
1000 72
6H7/2 = Hoya,
®Ho/2 > SH11p2, 6H
®H11/2 > ®H13p2 0 AYY.Y 52
~8.0 um Indistinct ®H13/2 = (®H1s/2, 6F772), Sm?3* energy level diagram
(1250 cm?) | ESA (6H1s/2, 5F1/2) = SF7ya,
5F7/2 > ®Fopa, . 3+ : ; i
and Figure 4-21: Sm** energy level diagram with possible
6Fg/2 > SF11/ upward and downward transitions to account for
changes observed in Figure 4-20 (Arrow lengths ARE TO
~9.5um Either SE 6. 6 SCALE in energy).
(1052 cm) | and/or GSD Hoj2 = PHsja

Note, GSD- Ground State Depletion, and SE- Stimulated emission.
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The separate SE/GSD bands centred around ~2.0 um, ~2.7 um, ~4.3 um and ~9.5 um, seen in
Figure 4-20, were attributed to the ®H13/2 = ®Hsj; transition, ®Hi1/2 = ®Hsj; transition, ®Ho/z = ®Hs 2
transition, and ®Ho/> = ®Hs/; transition, respectively, and shown in Figure 4-21. At least four weak
and indistinct broad ESA bands around ~2.5 pm, ~3.5 um, ~5.0 um and ~8.0 um were present in
Figure 4-20. Due to the complex Sm3* energy level these ESA features could not easily be
attributed to any specific transitions thus, several transitions were proposed and listed in Table
4-13. However, it must be noted that an excited electronic population was assumed present for
ESA to originate from these levels. The proposed transitions to account for the ~2.5 um, ~3.5 um,
~5.0 um and ~8.0 um transitions, listed in Table 4-13 and shown in Figure 4-21, highlighted the
potential for the Sm3* cation to up-convert longer wavelengths to several shorter wavelengths
simultaneously. Additionally, the numerous of disparate transitions possible could also explain

the weak and indistinct nature of the ESA features observed even at ~ 660 mW pump powers.
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4.2.4 Terbium spectroscopy.

Two separate distilled, glass rods of nominal composition: Geisas Aszos Gaz.o Sees2.4 atomic % +
1000 ppmw TeCls + 500 ppmw ‘Tb’ (foil) M274REJN, and Ge1s.2 Asz1.2 Sess.s atomic % + 1000 ppmw
TeCls + 300 ppmw ‘Tb’ (foil) M275REJN, were produced by the author. Both M274REJN and
M275REJN glass rods were then individually drawn into single material fibre/cane: F116REJN and
F120REJN, respectively. A portion of each M274REJN and M275REJN glass rod was processed into
two separate bulk glass samples and used for the presented absorption measurements in Section
4.2.4.1. The cane F116REJN was subsequently used as the core in the fabrication of the SIF
F122REJN. A portion of the M274REJN bulk glass was ground into powdered glass and used with
sections of single material fibre F116REJN, F120REJN, along with SIF F122REJN for the PL emission
measurements presented in Section 4.2.4.3. Additionally, a separate section of single material
fibre was used for the ESA measurements presented in Section 4.2.4.4. Note, the M275REJN
composition was fabricated to investigate the viability of doping and drawing to fibre a
chalcogenide glass without any ‘Ga’ co-solubilizer. Both the M274REJN, and M275REJN samples

are further evaluated in Sections 3.2.4, and 3.2.5.

4.2.4.1 Tb3 absorption and emission cross-sections:

Figure 4-22 (a) shows the absorption coefficient spectra for two nominally 500 ppmw ‘Tb’ (foil)
glass samples M228REJN(RC), M274REJN, and a nominally 300 ppmw ‘Th’ (foil) glass sample
M275REJN, each ostensibly containing 8.53 x 108 cations/cm?3, 8.53 x 108 cations/cm?3, and 5.06

x 108 cations/cm?3, respectively.
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Figure 4-22: Showing: (a) absorption coefficient spectrum of three Tb (foil) doped glass samples:
M228REJN(RC), M274REIN, and M275REIN along with (b) the corresponding energy level diagram for Tb**
in glass host showing 1.940 um, 2.013 um and 4.150 um excitation wavelengths which were used in future
measurements, and (c) showing the calculated absorption (solid line) and emission (dashed line) cross-
sections for the M274REJN sample. Note, the Tb** cross-section calculations assumed several factors (see
Section 3.2.8.2 and 4.2.6.1) and thus its accuracy should not be relied upon.
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The GSA between the “Fg ground state and the ’Fs, Fs, “F3, 'F2, 'F1 and “Fo excited state levels
each ostensibly peaking at 2152 cm?, 3369 cm™, 4328 cm™, 4972 cm™®, 5289 cm?, and 5388 cm-
!, respectively can be observed. Figure 4-22 (b) shows the corresponding Th3* energy level
diagram. Figure 4-22 (c) shows the calculated absorption cross-sections for each of the observed
GSA bands and the emission cross-sections for the ’F4 = ’Fg, and ’Fs - ’Fe. Note, the underlying

[-Se-H] impurity vibrational absorption bands were numerically removed in Figure 4-7 (a) and (c).

The shape of these results agree with those found in literature [118,181].

4.2.4.2 Tb* literature review:

The NIR and MIR properties of the ‘Tb’ dopant have been investigated in several host glass
compositions. Table 4-14 shows the three major MIR emission bands peaking in intensity at ~3.2
um, ~4.8 um, and ~7.5 um that the Tb3* cation exhibited. Curiously, to the best of my knowledge,
there are no reports of the 'F3 = “F¢ radiative transition, which should occur around 2.3 pm,
being detected.

Table 4-15 shows the radiative lifetimes for these emission bands, with notably one of the longest
radiative lifetimes of all RE dopants evaluated. The Tbh3* ’F¢ ground state manifold also exhibits
Stark splitting [182—184]. Interestingly, lifetime measurements of the ~3.1 um Tb3* PL emissions,
emanating from the ’Fs manifold, yielded inconclusive results due to “an overestimated “F4
fluorescence lifetime of few milliseconds” as reported in [38]. This peculiarity of the 3.1 pm Tb3*
PL emission band is further explored in Section 4.2.4.3.b. The lifetime of the ’Fs & ’Fg transition
was significantly influenced by the dopant concentration, and the host glass compositions, with

Se-based compositions exhibiting longer lifetimes compared to Sb-based compositions.
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Table 4-14: Tb* PL emission bands found in literature (see Figure 4-22 (b) for energy level diagram):

Transition Composition / sample type Pump Emission band Peal Reference
P pletyp A/ pm range / um A/ pm
"Fa > Fe Gas.0Ge20.05b10.05ess.0 Either 500 or 2.7t03.5 ~3.2
"Fs > 7Fe 1000 ppmw Th3* (bulk samples 2.050 4.0t06.0 ~5.0 [38]
7Fs > Fs and single material fibres) ~6.8t0~9.3 ~8.1
Gas.2Ge24.9As15.35€s56.6
7 7 ~ ~
Fs = ‘Fe 1050 ppmw Tb** (SIF) 2.000 4.0to~6.0 5.0 [141]
Ge—-As—-Ga-Se
500, 1000, and 1500 ppmw Th**
7 7 ’ ’
Fa=Fe (bulk glasses) and 500 ppmw Tb3* 411060 47 [181]
(single material fibre)
"Fa > "Fe 3.0to 3.5 ~3.2
’Fs > 'Fe 1550__ As_ﬁ@fﬁw 2.000 40t0538 ~4.8 [17]
"Fa > 'Fs PP 6.0t085 ~75
Ges.0As32.0Gao.55€s57.5l5.0
7Fs > 7F 2.94 4.0to05. ~ 4, 4
5 Fo 1000 ppmw Tb3* (polished disc) 940 0to55 9 [40]
"Fa=> "Fs Gas.oGez0.0Sb10.05e6s5.0 2.7t03.5 ~3.15
"Fs > "Fe 500 ppmw Tb3* (polished bulk 4.0t06.0 ~5
Fa>F lass and single material fibre 6.8t09.4 ~8.1
Fa ¥ g g fibre) 2.050 © [122]
Fa > 'Fe Gas.0Ge20.0Sb10.0Sess.0Te0.0 2.7t03.5 ~3.15
"Fs > "Fe 500 ppmw Tb3* (polished bulk 4.0t06.0 ~4.8
"Fa > "Fs glass and single material fibre) 6.8t09.4 ~8.1

Table 4-15: Tb** PL emission lifetimes found in literature (see Figure 4-22 (b) for energy level diagram):

liEnsion Host composition / sample type (e IR Reference
From To P pletyp Trad / Ms Trad / Ms
500 ppmw 8.9
’F ’F 13.9
° i Gas.0Ge200Sb10.05e6s5.0 1000 ppmw 5.6
(38]
7 7 (bulk samples) 500 ppmw 49 i
¢ ° 1000 ppmw )
Ge—-As—Ga—Se
F 13.1 12.9 141
> 1000 ppmw Tb3* (bulk glasses) [141]
7|:5 7F6 15 11
"Fa Fs Ge—As—Ga-Se 8 0.012 [17]
F4 Fs 1000-ppmw Tb3* 8 0.012
F3 ’Fs 4.1 -
Ges.0As32.0Gao.55€es57.5l5.0
7F 7F - 16.1 4
> e 1000 ppmw Tb3* (polished disc) 6 [40]
7Fs "Fe 13.9 8.9
7 7 Gas.0Ge20.0Sb10.0Sess.0
Fa Fs 3+ 4.9 -
7 Fe 500 ppmw Tb 29 -
- 122
7Fs 7Fe 14.8 7.8 [122]
7 7 Gas.0Ge20.0Sb10.0Seas.0Te20.0
Fo Fs 500 ppmw Th3* 6> -
7Fq "Fe PP 6.5 -
Fa Gei6.5As16.0Gas.0S€64.5 5.9 - [185]
Fs 1000-2000 ppmw Tb3* (bulk glass) 11.8 -

165




Chapter 4: Spectroscopy of RE3* chalcogenide glasses

4.2.4.3 Tb>* PL emission measurements

Th3* PL emission spectrum and PL lifetime measurements were performed sequentially using two

separate excitation sources at wavelengths of 2.013 um and 4.150 um with the samples listed in

Table 4-16. The 2.013 um excitation scheme used the ’Fg - ’F, GSA, while the 4.150 pum

excitation scheme used the ’Fg > ’Fs GSA, as shown in Figure 4-22 (b).

Table 4-16: Sample codes, composition, dimentions, and equipment configurations used for Tb3* PL
emission measurements (see Section 7.3 for description of equipment configuration code).

Code and nominal

material fibre
(un-annealed)

(Ge1a.s As208 Gaz.o Sesz.4 +
1000 ppmw TeCls + 500

ppmw Tb (foil))

226 £ 2 um and
278 mm long.

G composition (atomic | Dimensions Equipment configuration and Figure
type %
)
Diameter  of | Figure 4-23 (a) and Figure 4-25 (f):
207.1 £ 2.8 um | A[14-7a] F[9a] 1[12a- 132.484 Lwp- 14a -15ai — 160)
and 89.1 mm | Figure 4-23 (b) and Figure 4-25 (a):
long. A[1d-7a] F[9a] 1[12a- 133981 1wp- 144 -15aii — 16p)
Single F116REIN Diameter ~ of Figure 4-23 (c):

A[14-7a] F[9a] 1[12a- 136.386 Lwe- 144 -15aii — 16¢]

Diameter of

Figure 4-24 (a), Figure 4-25 (f) and Figure
4-26:

(un-annealed)

~220 um and | B[7a] F[9a] I[12a- 133351 swp- 14a -15ai — 161]
98.1nmlong. | Figure 4-24 (b) and Figure 4-25 (e):
B[7a] F[9a] |[12a' 134.630 LWP- 14a ‘15aii - 16b]
F122REJN:
(Core: F116REIN:
+ .
Geias ASz08 Ga2.0 See2.4 + izri _23271 gme Figure 4-23 (a):
SIF (un- | 1000 ppmw TeCls + 500 um ! clad_dir;g A[14-7a] F[90- 10] 1[12a- 132.484 twp- 14a -15ai — 16b)
annealed) | ppmw Tb (foil) ; Figure 4-23 (b):
. . ameter and
Cladding M260JN: 27.7 mm lon A[1¢-7a] F[9b- 10] 1[12a- 133.981 twe- 144 -15ai — 16b]
. g
Geiss Asieo Gaso Seesis
S3.0)
Single F120REJN Diameter  of | Figure 4-23 (a):
& I (Ge1s.2 Asz1.2 Sesz.6 + 1000 | 218.9 + 3.2 um | A[1g-7a] F[9a] 1[12a- 132.484 twe- 144 -15a4i — 16b)
material fibre . .
ppmw TeCla + 300 ppmw | and 90.16 mm | Figure 4-23 (b) and Figure 4-25 (c):

Tb (foil)) long. A[14-7a] F[9a] 1[12a- 133981 1wp- 14a -15aii — 165]
Powdered M274REJN Varying Figure 4-23 (a):
glass (Ge1a.s As20.8 Gazo Sesz2.4 + | granule  size, | C[14] G[] 1[12a- 132.484 Lwp- 14a -154i — 16p)
(annealed 1000 ppmw TeCls + 500 | 20.5 + 11.7 um | Figure 4-23 (b) and Figure 4-25 (d):
bulk glass) ppmw Tb (foil)) in diameter. C[14] G[] 1[12a- 133981 1wp- 144 -15i — 16
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4.2.4.3.a Tbh* PL emission spectra:

Application of the 2.013 um excitation source on the samples listed in Table 4-16, resulted in the
detection of three distinct Tb3* PL emission bands and correspond to those found in literature
(see Table 4-14). A relatively weak Tb3* PL emission band between 2.700 to 3.500 um, shown in
Figure 4-23 (a), which was attributed to the ’F4 = “Fg transition. A strong Tbh3* PL emission band
between 3.800 to 6.200 um, shown in Figure 4-23 (b), which was attributed to the ’Fs - 7F¢ and
’F3 > 7Fs transitions. A weak Th3* PL emission band between 7.000 to 9.400 um, shown in Figure

4-23 (c), and attributed to the 7F4 > ’Fstransition.

The weak intensity of the 2.700 to 3.500 um Tb3* PL emission band, shown in Figure 4-23 (a), was
likely due to the underlying [-OH] impurity resonantly absorbing and transferring PL into
vibrational quanta, and/or reabsorption via the ’F¢ > “F4 GSA. This resulted in emissions ~ 230
times smaller than the peak intensity from the adjacent 3.800 to 6.200 um emission band. The
~3.1 um Tb3* PL emission band in in Figure 4-23 (a) shows good agreement with the calculated

’F4 = "Fg emission shape in Figure 4-22 (c).

Comparing the shapes of the PL emission spectra in Figure 4-23 (a) obtained from the samples
listed in Table 4-16, showed no significant difference between the samples possessing the Ge1ss
Asz0.8 Gaz.o Sesa.5s atomic % composition and the single material fibre F120REJN and its Ge1s.2 Asz1.2
See3.6 atomic % composition. This similarity was also present for the PL emission spectra in Figure
4-23 (b) for the 3.800 to 6.200 um emission band, indicating that the absence of ‘Ga’ from the
F120REJN sample composition did not significantly alter the emission spectra when compared to

the spectra of samples containing ‘Ga’.
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Figure 4-23: Normalised PL emission spectra for Tb (foil) doped samples listed in Table 4-16 using 2.013
um pump source: (a) 2.700 to 3.600 um Tb>* PL emission band, (b) 3.800 to 6.200 um Tb** PL emission
band, (c) 7.000 to 9.400 um Tb* PL emission band. Note, each figure shows Tb*" energy level diagram
(Arrow lengths ARE TO SCALE). Not corrected for system spectral response. See Table 4-16 for sample

specifications and equipment configuration used. Note, the M274REJN and F116REJN samples, along with
the core of F122REJN sample each have the same nominal composition, while F120REJN possessed a
different composition.
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The PL emission spectra shown in Figure 4-23 (b), obtained from the samples listed Table 4-16,
exhibited only small variations in peak Th3* PL emission between sample types, with the
powdered glass sample showing the least amount of reabsorption. These variations were likely
due to differences in PL propagation paths afforded by the sample types affecting the amount of
[-Se-H] impurity resonantly absorbing and transferring PL into vibrational quanta, and/or
reabsorption via the 7F¢ > 7Fs GSA. The ~4.9 um Tb3* PL emission band in in Figure 4-23 (b) shows

agreement with the calculated ’Fs - 7Fg transition shape in Figure 4-22 (c).

The 7.000 to 9.400 um Th3* PL emission band, shown in Figure 4-23 (c), was only evaluated using
the single material fibre F116REJN sample, as this sample type yielded the greatest PL intensity
of all the samples listed in Table 4-16. The weak intensity of this emission band was attributed to
competing non-radiative ’F4 - “Fs transitions and a preferential branching ratio favouring the ’F4

- ’Fetransition [17,181] resulting in the ~3.1 um PL emission band, shown in Figure 4-23 (a).

Photoexcitation with the 4.150 um QCL resulted in a very broad Tb3* PL emission band between
2.700 to 6.200 um, shown in Figure 4-24 (a) and (b), and attributed to the "F4 = “Fs, 'Fs > ’Fs,
and ’F3 = ’Fs transitions, as illustrated within inset in Figure 4-24 (b). To the best of my
knowledge this has not been reported elsewhere in the literature. A 3.351 um SWP (short wave
pass) filter was used to block any unabsorbed 4.150 um QCL light, while passing Th3* PL emissions
at wavelengths shorter than 3.351 um, as shown in Figure 4-24 (a). Interestingly, these PL
emissions shorter than 4.150 um were exclusively due to ESA of both the pump and ’Fs = “Fg PL,
as illustrated within the inset in Figure 4-24 (b). This 3.351 um SWP filter, while not ideal, was the
only suitable filter available in our inventory to block the 4.150 QCL. A 4.630 um LWP (long wave

pass) filter was used to block any unabsorbed 4.150 um QCL light, while passing Th3* PL emissions
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at wavelengths longer than 4.630 pum, as shown in Figure 4-24 (b). Additionally, and importantly,

a 3.800 band pass filter was used to detect relatively strong Th3* PL emissions at 3.800 pum.
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Figure 4-24: Normalised PL emission spectra for nominally 500 ppmw (foil) cation doped Ge14.5 Asz0.8 Gaz.0
Ses2.4 atomic % + 1000 ppmw TeCl, single material fibre sample using 4.150 um pump source: (a) 2.700 to
3.600 um Tb* PL emission band, and (b) ~5.000 um Tb** PL emission band with inset showing Tb** energy
level diagram (Arrow lengths ARE TO SCALE). See Table 4-16 for sample dimensions and equipment
configuration used.

The cut-off wavelength for the 3.351 um SWP filter, coupled with the cut-on wavelength of the
4.630 um LWP filter, resulted in a significant portion of this emission band being omitted.

However, the presence of strong Th3* PL emissions at 3.800 um, indicated that the 2.700 to 3.500
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emission band, shown in Figure 4-23 (a) and the 3.800 to 6.200 um, shown in Figure 4-23 (b)

merged when employing the 4.150 um pumping scheme.

The 7.000 to 9.400 pm Tb3* PL emission band was not investigated using the 4.150 um excitation
scheme. However, as evident by the presence of the 2.700 to 3.500 um emission band, shown in
Figure 4-24 (a), the branching ratios for the ’Fs manifold decay paths would ensure a
corresponding “F4 > Fs transition [17,181], thus the 7.000 to 9.400 um Tb3* PL emission band
was likely present when employing the 4.150 um pumping scheme. To the best of my knowledge
this would make it the widest contiguous PL emission band for all the RE dopants, spanning ~2.7

to ~9.4 um.

Interestingly, application of either the 2.013 um or the 4.150 um excitation source yielded no
detectable Th3* PL emission between 2.000 to 2.300 um, indicating the “F3 = 7Fs transition was
quenched by either the ’F3 = “F4 non-radiative transition (~958 cm™) or the radiative ’F3 = ’Fs

transition (~4.8 um), as illustrated in Figure 4-23 (d) and inset within Figure 4-24 (b).

4.2.43.b Tb PL lifetime results:

PL emission lifetime ‘Trad’ measurements were performed on the samples listed in Table 4-16
using either the 2.013 um or the 4.150 um excitation source modulated at 6 Hz. These lifetime
measurements focused on the 2.700 to 3.200 um and the 3.800 to 6.200 um Tbh3* PL emission
bands. The 7.000 to 9.400 um band was omitted due to weak PL intensity. Figure 4-25, and Figure
4-26 shows the normalised Tb3* PL emission decay from each sample type, along with the
corresponding fitted exponential function. Table 4-17 lists the PL lifetimes for each Tb3* doped

sample type.
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Figure 4-25: Normalised Tb** PL lifetime (scatter plot) fitted with exponential decay functions (line) for: (a)
single material fibre (F116REJN) with 2.013 um pump, (b) single material fibre (F120REJN) with 2.013 um
pump, (c) SIF (F122REJN) with 2.013 um pump, (d) powdered bulk glass (M274REJN) with 2.013 um pump,
and (e) single material fibre (F116REJN) sample with 4.150 um pump. Note, each pump source was
modulated at 6 Hz, the M274REJN and F116REJN samples along with the core of F122REIN sample each
have the same Geis.5 ASz20.s GO2.0 S€s2.4 atomic % + 1000 ppmw TeCl, + 500 ppmw Tb (foil) composition,
while FI20REIN: Gess.» Asz1.2 Sesss atomic % + 1000 ppmw TeCl, + 300 ppmw Tb (foil). See Table 4-16 for
sample dimensions and equipment configurations, and results summarised in Table 4-17.
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Lifetime measurements using either excitation source in the 3.800 to 6.200 um Tb3* PL emission
band were best fitted with a two-term exponential function, shown in Figure 4-25 (a) to (e) and
listed in Table 4-17. Results predominantly consisted of a distinctively longer ‘T1’ component, at
~ 11.5 ms, which was attributed to the ’Fs > “Fg transition, along with a less frequent, faster ‘zy’
component, at ~ 3.7 ms, which was attributed to the 7F3 = ’Fs transition. The ‘t1’ lifetime, from
the ’Fs manifold was in agreement with results found in Table 4-15, while the ‘75’ lifetime, from
the ’F3 manifold was close to the calculated radiative lifetime of 4.1 ms found in [17]. This result
indicated consistent contributions from each of these transitions over the entire emission band.
Lifetime measurements within the 2.700 to 3.200 pm Tb3* PL emission band, using either the
2.013 or the 4.150 um excitation source, with a single material fibre F116REJN sample, were best
fitted with a two-term exponential function once corrected for the pump response, as shown in
Figure 4-26 (a) and listed Table 4-17. These results consisted of a long ‘1’ component, at ~ 12.3
ms, and a shorter ‘7’ component, at ~ 3.4 ms. Interestingly, the ‘t1’ at ~12.3 ms and ‘ty’, at ~ 3.4
ms components of the fitting match the lifetime measurement results for the 3.800 to 6.200 um
Th3* PL emission band. Conversely, the identical PL lifetime measurement, uncorrected for the
pump sources, as shown in Figure 4-26 (b), revealed an additional fast component to the PL
lifetime obscured by the response time of the pump source. It was postulated that this fast PL
lifetime component was the true lifetime of the ’F4 manifold. Note, this fast lifetime postulation

corresponds to those found in literature (see Table 4-15).
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Figure 4-26: Normalised Tb** PL lifetime (scatter plot) fitted with exponential decay functions (line) with
either a 2.013 um or 4.150 um pump modulated at 6 Hz for a single material fibre (F116REJN) sample with:
(a) the pump source response removed, and (b) uncorrected for pump response (note, a logarithmic time
axis was employed to represent the disparate lifetimes comprising the PL emission results). Note, F116REJN
has a Geis.g Asz0.8 GA2.0 Ses2.4 atomic % + 1000 ppmw TeCl, + 500 ppmw Tb (foil) composition. Additionally,
a 3.351 um SWP filter was used to block PL emission wavelengths longer the 3.351 um for these lifetime

measurements, see Table 4-16.
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Table 4-17: Summary of Tb* PL lifetime measurement results in Figure 4-25 an Figure 4-26 (see Table 4-16
for sample specifications and equipment configuration:

lifetime coefficients

Sample type and pump A | measurement
composition (atomic %) (um) A (pm)
A1 71 (ms) Az T2 (ms) Yo
4.300 0.820 12.20 0.151 3.96 0.02367
F116REJN Single
material fibre (un- 4,500 0.813 12.22 0.175 4,10 0.006086
annealed) (Geisg Aszos 2.013
602405962-4(; 5'/‘)7)0PP"7W Tb 4,950 0.787 12.11 0.203 3.99 0.00365
(0]
5.500 0.811 12.20 0.168 4.05 0.01541
F120REJN Single
material fibre (un- | 5 513 | 4950 | 0.760 | 10.63 | 0.175 | 3.75 | 0.04577
annealed (Ges.; Asz1.2
Segs.6 + 300 ppmw Tb (foil))
FA22REIN SIF (un- 4.500 0.705 | 10.71 | 0.223 | 3.40 | 0.06452
annealed) (Core:
F116REJN:
Ge1s3Asz08 Gazo Sesz.a + 2.013 4.880 0.707 10.65 0.254 3.26 0.0338
500 ppmw Tb (foil)
Cladding M260JN:

Geo s As150Gas0Ses15 S50) 5.125 0.712 10.61 0.229 3.22 0.05238
M274REIN Powdered 4.420 0.722 11.20 0.213 3.68 0.05352
glass (annealed bulk

glass) 2.013 4,775 0.748 11.21 0.227 3.80 0.01938

(Ge1s.8 Asz0.8 Gazp Seer.a +

500 ppmw Tb (foil) 5.500 0.710 | 11.30 | 0.186 | 3.47 | 0.09826
5.000 0.806 12.19 0.174 3.82 0.009329
4,150
5.500 0.771 12.17 0.182 3.66 0.03228
F116REJN Single
material fibre (un- 2.950 0.623 12.37 0.246 3.20 0.10180
annealed
(Geis5 Asz05 Ga2.0 Seez.a + 2.013 3.115 0.661 12.29 0.256 3.20 0.06099
500 ppmw Tb (foil))
3.250 0.653 12.59 0.209 3.31 0.08748
4,150 3.120 0.645 12.12 0.141 3.75 0.20200
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The results shown in Figure 4-26, indicated that the 3.800 to 6.200 um Tb3* PL emission band
directly influenced the 2.700 to 3.200 um spectral region. Thus, considering the two-term
exponential function in Figure 4-26 (a) it was postulated that the ‘1" and ‘z2” constituents were
artifacts due to ’Fs > ’F3 ESA of the Th3* PL from the F3 - ’F4 transition, as illustrated in Figure
4-23 (d) and the inset within Figure 4-24 (b). Consequently, the ’Fs manifold was supplied
electrons from the ’Fs and ’Fs manifolds, resulting it mirroring their distinctive lifetimes. This
phenomenon was likely due to the use of a single material fibre sample in an ‘End-collection’
configuration (see Table 4-16), which was necessary to have sufficient PL intensity to perform the
lifetime measurement at these wavelengths.

The lifetimes obtained from the SIF, powdered glass, and single material fibre samples all differed
slightly from one another, as shown in Table 4-17. Notably, the single material fibre F120REJN
and the F122REJN SIF samples both exhibited a lower ‘71’ lifetime than other samples. In the case
of the F120REJN sample this indicated an influence due to a lack of ‘Ga’ in the glass composition,
while in the case of the F122REJN SIF sample in indicated the influence of the SIF fabrication

process and pump energy density afforded due to the sample geometry (see Table 4-16).

4.2.4.4 Tb3 ESA measurements

ESA measurements were performed on a distilled nominally 500 ppmw ‘Tb’ (foil) doped Geias
As20.8 Gazo Sees25 atomic % + 1000 ppmw TeCls F116REJN single material fibre sample 302 mm
long, with a diameter of 110.5 + 11.8 um. This single material fibre sample was exposed to a 1.940
um excitation laser to induce the "Fe—>’F2 GSA. Figure 4-27 (a) shows the room temperature,

steady state, relative change in intensity of the transmitted probe-light with pump, relative to no
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pump present, for the fibre sample. Additionally, the inset within Figure 4-27 shows the
attenuation spectrum of a separate F116REJN fibre sample. Note, this attenuation spectrum

represents the zero-change axis (along the wavelength-axis) in the accompanying ESA spectrum

in Figure 4-27.
1.8 ii GE17.0 AS23.4GAz.5 557 atomic % +
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Figure 4-27: Showing changes in transmitted probe light intensity, under application of a 1.940 um
continuous wave pump laser for a 302 mm long, nominally 500 ppmw Tb (foil) doped Ge1s.s Asz.s Gaz.o
Ses2.4 atomic % + 1000 ppmw TeCl, glass fibre sample (F116REJN) with diameter of 110.5 + 11.8 um, with
inset showing attenuation (dB/m) vs. Wavelength (um) for F116REJN single material glass fibre (see Figure
3-22 for additional details on F116REJN attenuation spectrum). Note, ESA bands listed in Table 4-18.

Comparing the ESA spectra in Figure 4-27 to the F116REJN attenuation spectrum inset, no
prominent features were observed at 3.440 um, and 7.890 um in the attenuation spectrum, thus
verifying the latent nature of these unobstructed ESA bands, which are present in the ESA
spectrum.
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Considering the spectral features observed in Figure 4-27 along with the Tb3* absorption and PL
emission measurements made in Section 4.2.4.3 the energy level transitions responsible for
these features were proposed. Table 4-18 lists each significant spectral feature, observed in
Figure 4-27, along with the corresponding proposed energy level transitions accountable for
these features, while Figure 4-28 shows the Th3* electronic energy level diagram, inclusive of
arrows for proposed energy level transitions. The ’Fs energy level was postulated as the
predominant initial state from which ESA took place due to its relatively long lifetime of ~ 11.5
ms, which was determined in Section 4.2.4.3.b. These proposed energy level transitions match
the corresponding Tb3* energy level spacing as shown in Figure 4-28. However, it must be noted
that additional transitions between alternate energy levels were not ruled out, moreover these
alternate transitions could have also been partially, or completely obscured by overlapping GSA
bands.

The SE/GSD (stimulated emission/ ground state depletion) feature peaking at 2.330 um, seen in
Figure 4-27, matched the ’F3 = ’Fe transition shown in Figure 4-28. This SE/GSD feature was likely
mostly GSD due to lack of Tb3* PL detected in this spectral region during the PL emission
measurements in Section 4.2.4.3.

The SE/GSD feature peaking at 2.970 um, seen in Figure 4-27, matched the ’F4 = "Fe transition,
while partially overlapping an ESA band centred at 3.440 um, which matched the Fs > ’F,
upward transition. Thus, it was postulated that the spectral overlap of the ’F4 = ’Fs and ’Fs > 'F»

transitions resulted in a zero-change point at 3.210 um, at ~ 9.9 dB/m of attenuation.

178



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

Table 4-18: Proposed Tb** electronic transitions to account for observed spectral features seen in Figure
4-27.

A/pm Proposed 6000
(see Figure Description electronic
4-27) transition 7F,
A ’Fy
5000 7
2.330 ) e 7 F,
(4292 cm1) Either SE and/or GSD F3=7F¢
A 7
@ 5 EA F3
2.970 . e a7 4000 S £
(3367 cm?) Either SE and/or GSD Fs="F¢ C>:x. éi
3 3
o ) o .7
7F4 = 7F6 E ® < < F4
3.210 . o % 3
_ Zero-change point and ~ 3000 1S c w
(3115 cm™?) . =1 [=3 g c
7Fs > 'F2 g g g o =
£ e & g
3.440 2 ) ¥ s
. ESA band Fs > 7F, o
-1
(2906 cm?) g 2000
2 5| s .
4.320 7 7 2 2 2
(2314 cmr) ESA band Fs = 7F3 g g E
£ € =
= 3 €
= 7F 1000 2 E N
4.420 Zero-change point and " o e
(2262 cm™) gep o o~ ~
7Fs > 7F3
L7 7 7F
4,790 ) e a7 0 6
(2088 cm!) Either SE and/or GSD Fs = 7F¢
Th3* energy level diagram
7.890 . ; . 3 . . .
(1267 cm) | ESAband Fs > 7F4 Figure 4-28: Tb** energy level diagram with possible
upward and downward transitions to account for
6,500 changes observed in Figure 4-27 (Arrow lengths ARE TO
(105'3 cm) Weak ESA band Fs > 7F3 SCALE in energy).

Note, GSD- Ground State Depletion, SE- Stimulated emission.

The ESA band peaking at 4.320 um, seen in Figure 4-27, matched the ’Fs - ’F3 upward transition
shown in Figure 4-28. Considering the PL lifetime measurements in Section 4.2.4.3.b, the ‘2,
lifetime at ~ 3.7 ms was present throughout the 3.800 to 6.200 um Tb3* PL emission band, and
was attributed to the ’F3 = ’Fs transition. This indicated that the ’Fs - 7F3 ESA would also be

present throughout the 3.800 to 6.200 um spectral region, as evident by the PL emission results
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while using the 4.150 um pump, shown in Figure 4-24 (a) and (b), Figure 4-25 (e) and Figure 4-26.
This ESA band was partially obscured by the “Fs > “Fs GSA. Interestingly, both the PL lifetime
measurements and the presence of this ESA band indicate a dynamic between the ’F3 and ’Fs
manifolds.

The ESA band peaking at 4.320 um partially overlapped the SE/GSD band, peaking at 4.79 um,
which matched the ’Fs = 7F¢ transition. Thus, it was postulated that the spectral overlap of the
’Fs > 7F3 and “Fs = ’Fe transitions resulted in a zero-change point at 4.420 pm, at 23.2 dB/m of
attenuation.

The ESA bands centred around 7.890 pm and 9.500 um, seen in Figure 4-27, matched the ’Fs >

’F4 and "F4 > F3 upward transitions, respectively, as shown in Figure 4-28.
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4.2.5 Dysprosium spectroscopy.

Two separate glass rods of nominal composition: a distilled, Ge1s.0 Asz1.0 Gai1.0 Sess.0 atomic % +
850 ppmw TeCls + 500 ppmw ‘Dy’ (foil) M285RERC, and an undistilled Ge1s.5 Asi6.0 Gas.o See1.5 S3.0
atomic % + 500 ppmw ‘Dy’ (foil) M295REJN, were separately produced by PhD student Richard
Crane and the author, respectively. The M285RERC glass rod was subsequently drawn into single
material fibre and cane: F125RERC. Note, the optical and compositional evaluation of these
glasses can be found in Sections 3.2.6 and 3.2.7. A portion of M285RERC and M295REJN was
processed into two separate polished bulk glass samples and used for the presented absorption
measurements in Section 4.2.5.1. A portion of M295REJN was subsequently co-extruded by Dr
David Furniss and the author to produce the co-extruded glass rod EO94REDF(JN). Another
portion of single material fibore F1I25RERC was ground into powdered glass and used with a
separate section of single material fibre F125RERC and a portion of the extruded rod
E094REDF(JN) for the PL emission measurements presented in Section 4.2.5.3. Additionally, a
separate section of single material fibre F125RERC was used for the ESA measurements
presented in Section 4.2.5.4. The EO94REDF(JN) co-extruded glass rod was a step index glass rod

with a Ce cation doped core and a Dy3* cation doped cladding.

4.2.5.1 Dy*" absorption and emission cross-sections:
Figure 4-29 (a) shows the absorption coefficient spectra for two nominally 500 ppmw ‘Dy’ (foil)
doped glass sample M285RERC and M295REJN each ostensibly containing 8.24 x 108

cations/cm?3, and 8.34 x 108 cations/cm?3, respectively.
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Figure 4-29: Showing: (a) absorption coefficient spectrum of two nominally 500 ppmw Dy (foil) doped glass
samples: M285RERC, and M295REJN, along with (b) the corresponding energy level diagram for Dy** in
glass host showing 1.310 um and 1.700 um pump sources which were used in future measurements, and
(c) showing the calculated absorption (solid line) and emission (dashed line) cross-sections for the
M285RERC sample. Note, the Dy** cation cross-section calculations assumed several factors (see Section
3.2.8.2 and 4.2.6.1) and thus its accuracy should not be relied upon.
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The GSA between the ®His/, ground state and ®Hizjz, ®Hi1/2, (*Hoyz, 6F11/2), ((H7/2, 8F9/2), ®Hs/a, 6F7/2,
and °Fs;; excited state levels each ostensibly peaking at 3507 cm™, 5843 cm™, 7657 cm?, 8969
cm, 10893 cm, 11695 cm™?, and 12423 cm?, respectively can be observed. The upper most Dy3*
energy levels °F7/2, ®Fs/2 and 3Fs/, were too weak to be observed experimentally. Figure 4-29 (b)
shows the corresponding Dy3* energy level diagram. Figure 4-29 (c) shows the calculated
absorption cross-sections for each of the observed GSA bands and the emission cross-sections

for the ®Hi3/2 > ®His/, transition.

4.2.5.2 Dy* literature review:
The NIR and MIR properties of the ‘Dy’ dopant have been well investigated in several host glass
compositions. Table 4-19 lists the IR PL emission bands exhibited by the Dy3* cation.

Table 4-19: Dy>* PL emission bands found in literature (see Figure 4-29 (b) for energy level diagram):

Transition Composition / sample type AU | ol e L Reference
P pletyp A/ um range / um A/ pum
(°F11/2, ®Hoy2) = ®Hizp 1.700 2.1t02.6 ~2.4
5 G Ge-As-Ga-Se -
Hi3/2 = °His/2 500 ppmw Dy** (single material fibre) or 2.7t03.4 2.9 [186]
*Hu/2 > *Hiz PPMWEY ™ 1sINg 1.320 3.5t05.0 ~ 4.4
°H °H Ge-As-Ga-S 2.5t03.5 3.05
_ 13/296 15/2 e-As-Ga e3+ 1.300 o [17]
Hi11/2 = °His/2 1000 ppmw Dy 39to5.3 4.5
5H H . 1B 2.6to3.4 ~2.85
i 132 > i 15/2 0.9(Ge25.0Ga10.0S65.0) -;0 r + 500 0.914 o [187]
Hi11/2 = °Hisp2 ppmw Dy 4.0t04.8 ~4.45
5H7/2 > ®Hisp2 1.0to 1.2 ~1.15
0.920
5Ho/z - °Has/z GasoGeznaShiooSesso + 1000 ppmw ~125t0~1.47 | ~138
Dy3* (single material fibre) ~aa4
°H °H 1 3.7t04.7
1172 = °Hasp GaaoGizao?bmoSs&o +. 009 ppmw 1300 o ~43 [39]
Dy** (single material fibre)
6F11/2, ®H 6H ~5.0to ~6.0 5.4
((GHH/Z oF 9/;)j(6H11/2 Gas.0Ge20.0Sb1o.0Sees.0 + 1000 ppmw
772 6;/2/ ) o/ Dy** (single material fibre) 1.12 6.5to ~9.5 ~7.4
11/2
Gas.0Ge20.0Sb10.0S65.0
5H11/2 = %H13/2 0.1 weight % Dy3* (single material 0.920 4.0to4.7 ~4.37 [178]
fibre)
5H11/2 > ®H1s)2 Ga-La-S 1.65t0 1.95 ~1.76
5H13/2 > ®H1s)2 9900 bomw DVsS 0.815 2.6t03.2 ~2.83 [188]
SHi12 = *Huzp pPmMW Y253 3.8t04.8 ~4.27
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Table 4-20 shows the ‘Dy’ cation PL lifetimes for IR transitions found in literature.

Table 4-20: Dy>* PL emission lifetimes found in literature (see Figure 4-29 (b) for energy level diagram):

Transition Host composition Calculated Measured Reference
From To Trad / MS Trad / MS
Ge25Ga10Ses 0.205 0.034 £ 0.003
0.95(Ge25Ga10Sss) + 0.05 Br 0.332 0.045 +0.004 [187]
0.9(Ge2sGa1oSes) + 0.1 Br 0.405 0.051 £ 0.004
Ge-As-Ga-Se 0.38 0.31 [17]
(8F11/2, ®Hop2) | CH11/2 Ge25Gai10Ses 0.205 0.034 [189]
Ges30As10Se0 0.153 - [190]
Gezs5GasS7o 0.229 0.038
GasGe20Sb10Ses 0.034
GasGe20SbioSess 0.11 0.230 [39]
Ge25Ga10Ses 2.94 1.09+0.11
0.95(Ge25Ga10Sess) + 0.05 Br 3.59 1.53+0.10 [187]
0.9(Ge2sGa10Ses) + 0.1 Br 4.3 1.39+0.11
Ge-As-Ga-Se 2.4 2 [17]
Ge16.5A516.0Gas.05€64.5 2.2 - [185]
6 ®H13/2 Ges0As10Se60 2.22 0.728
sz Ge2sGasSo 3.29 113 [150]
GasSh2sAsaSeo 2.02 1.38 [191]
GasGe20Sb10Ses 1.30 39]
GasGez0SbioSess 1.63 1.46
. Ga-La-S 2.53 1.30 [188]
His/2 Ga-La-S 2.53 1.30
Gez5Gai10Ses 6.71 3.92+0.17
0.95(Ge25Ga10Sss) + 0.05 Br 10.0 6.12+0.21 [187]
0.9(Ge2sGa10Ses) + 0.1 Br 11.2 6.31+0.19
Ge-As-Ga-Se 6.2 6 [17]
Ge16.5A516.0Gas.05€64.5 6.1 - [185]
SHis2 SHis/2 GasSh2sAsaSeo 4.38 3.15 [191]
GasGe20Sb10Ses - 5.60 (39]
GasGe20SbioSess 4.17 3.30
Ge30As10Se0 5.29 4.55 [190]
Ge2sGasS7o 6.63 6.00
ZBLAN - 0.631 [192]
Ga-La-S 6.29 3.60 [188]
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4.2.5.3 Dy?" PL emission measurements

Dy3* PL emission spectrum and PL lifetime measurements were performed sequentially using two

separate excitation sources at wavelengths of 1.310 um and 1.700 um with the samples listed in

Table 4-21. The 1.310 um excitation scheme used the ®His;2 = (°Hoy2, ®F11/2) GSA, while the 1.700

um excitation scheme used the ®His/> = ®Hi1/2 GSA, as shown in Figure 4-29 (b).

Table 4-21: Sample codes, composition, dimentions, and equipment configurations used for Dy** PL
emission measurements (see Section 7.3 for description of equipment configuration code).

Code and nominal

Gei6.5 AS16.0 Gas.o0 Sés1.5
S3.0+ 500 ppmw Dy (foil))

diameter: 1.88
mm.

S::mple composition (atomic | Dimensions Equipment configuration and Figure
ype %)
Figure 4-30 (a):
Single F125RERC Diameter of A.[le—7b] F[9a] 1[12b- 132.000 twp- 14b -15ai — 16b]
. (Geis.o Asz1.0 Garo Sesso+ | 186.9 £1.8, Figure 4-31 (a):
material fibre
(un-annealed) 850 ppmw TE.CI‘I +3500 and 83.34 mm | A[1p-7b] F[9a] 1[126- 132484 1we- 14b -15ai — 160]
ppmw Dy (foil)) long. Figure 4-30 (c) and Figure 4-31 (a):
A[1b-7b] F[9a] 1[12b- 132.484 Lwp- 14b -15ai — 16b)
Powdered Varying Figure 4-30 (a):
glass (un- F125RERC le size C[1e] G[] 1[12a- 13none- 144 -155i — 16b]
annealed (Ge1s.o As21.0 Gaz.o Sess.o + irza;n:l 47 r’r; Figure 4-30 (b) and Figure 4-31 (b):
single ' 850 ppmw TeTCI4 + 500 um i;1 H C[1b] G[] 1[12a- 132.484 Lwp- 144 -154i — 16b]
material ppmw Dy (foil)) diameter. Figure 4-30 (c) and Figure 4-31 (b):
fibre) C[1] GI] 1[12a- 132484 Lwp- 14a -15ai — 165]
EO94REDF(JN): 9.1 mm long
Coextruded | (COre: M293REIN: witha3.2mm | Figure 4-30 (b):
glass rod Gei14.8 AS20.8 Gaz.o Seez.4 + outer A[1b-75] F[9none] 1[12b- 132.484 Lwe- 14b -15ai — 16b]
500 ppmw Ce (foil) diameter.
(annealed Cladding: M295REJN: Maximum core | Fj i
and polished) : : igure 4-30 (c) and Figure 4-31 (c):

A[1b-7b] F[9none] 1[12b- 132.484 twp- 14y -15ai — 16p]

4.2.5.3.a Dy3* PL emission spectra:

Three distinct Dy3* PL emission bands spanning between 2.200 to 2.500 um, 2.600 to 3.400 pm,

and 3.800 to 5.100 um were detected and investigated and correspond to those found in
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literature (see Table 4-19). Note, the Dy3* PL emissions with wavelengths less than 2 um or

greater than 5 um were not investigated.

Application of the 1.310 um excitation source resulted in the 2.200 to 2.500 um emission band,
shown in Figure 4-30 (a), which was attributed to the (°Ho2, 6F11/2) = ®H13/2 transition. Application
of either the 1.310 um or the 1.700 um excitation source resulted in two additional emission
bands between 2.600 to 3.400 um, shown in Figure 4-30 (b), and 3.800 to 5.100 um, shown in
Figure 4-30 (c), which were attributed to the ®Hiz;z > ®His transition and ®Hiiz > ®Hisp
transition, respectively. The ~2.9 um Dy3* PL emission band in in Figure 4-30 (b), agrees with the

calculated ®Hi3/2 = ®His/2 emission shape in Figure 4-29 (c).

The 2.200 to 2.500 um emission band, shown in Figure 4-30 (a), was only accessible using the
1.310 um excitation scheme. Notably, this emission band was absent, or not detectable, when
employing the 1.700 um pump. This indicated ESA of the 1.700 um pump between the ®His/, >
(®H7/2,%Fs/2) manifolds, shown within the inset in Figure 4-30 (b), was either absent or not efficient.
Furthermore, the branching ratios from the (®H7/2,6F9/2) manifolds favour radiative transitions

outside of the presented measurement window [17,39].

Comparing the shapes of the PL emission spectra in Figure 4-30 (c) obtained from the samples
listed in Table 4-21, showed minor differences between the samples possessing the Ge1s.o Asz1.0
Ga1.0 Ses3.0 atomic % composition, against the co-extruded rod EO94REDF(JN) with its Geie.5 Asi6.0
Gas,o See1.5 S3.0 atomic % composition. This indicated that the presence of sulfur and additional
‘Ga’ in the co-extruded glass rod composition did not significantly alter the Dy3* PL emission

spectra when compared to the other samples.
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Figure 4-30: Normalised PL emission spectra for nominally 500 ppmw Dy (foil) doped samples, listed in
Table 4-21 measured between the wavelengths of: (a) 2.200 to 3.400 um using 1.310 um pump, (b) 2.600
to 3.400 um using 1.700 um pump, (c) 2.500 to 5.000 um using 1.700 um pump. Each figure shows the
Dy** energy level diagram (Arrow lengths ARE TO SCALE). Not corrected for system spectral response. See
Table 4-21 for sample dimensions and equipment configuration.
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Comparing the intensity between the 2.600 to 3.400 um, and the 3.800 to 5.100 um emission
bands, shown in Figure 4-30 (a), the ®His/2 - ®His/2 transition was weaker than the ®Hi1/2 = ®Hisp2
transition, as illustrated within the inset in Figure 4-30 (c). This discrepancy was attributed to
reabsorption from both the ®His2 - ®His/, GSA and the underlying [-OH] impurity resonantly

absorbing and transferring PL into vibrational quanta.

4.2.5.3.b Dy?* PL lifetime results:

PL emission lifetime ‘Trad’ measurements were performed on the samples listed in Table 4-21
using the 1.700 um excitation source modulated at 8 Hz. These lifetime measurements focused
on the 2.600 to 3.400 um and the 3.800 to 5.100 um Dy3* PL emission bands. The 2.200 to 2.500
um band was omitted. Figure 4-31 shows the normalised Dy3* PL emission decay from each
sample type, along with a corresponding fitted exponential function. Table 4-22 lists the Dy3* PL
lifetimes from each sample type. Note, the fitting applied to the 2.600 to 3.400 um spectral range
started at t = 1.5 ms to avoid unwanted transients introduced by the 1.700 um pump source upon
the weak Dy3* PL signal.

Lifetime measurements in the 2.600 to 3.400 um and the 3.800 to 5.100 um Dy3* PL emission
bands were individually best fitted with a single-term exponential function, shown in Figure 4-31
(a) to (c) and listed in Table 4-22. Results for measurements within the 2.600 to 3.400 um spectral
range consisted of a ‘T1’, at ~ 4.56 ms, which was attributed to the ®His;z = ®His/2 transition.
Results for measurements within the 3.800 to 5.100 um spectral range consisted of a ‘t1’, at ~
1.67 ms which was attributed to the ®Hi1/2 - ®Hi3/; transition. These lifetime results roughly

match the results found in literature (see Table 4-20).
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Figure 4-31: Normalised Dy>* PL lifetime (scatter plot) fitted with exponential decay functions (line) for
nominally 500 ppmw Dy** doped samples using 1.700 um pump laser for: (a) single material fibre
(F125RERC), (b) Powdered bulk glass (FI25RERC) sample, and (c) co-extruded glass rod (EO94REDF(JN))
sample. Note, the pump source modulated at 8 Hz, and the F125RERC samples possessed a: Gess.o ASz1.0
Ga1.0 Sess.0 atomic % + 850 ppmw TeCl, composition while the cladding of EO94REDF(JN): Geis.5s AS16.0 Gas.0
Ses1.5 S3.0 atomic % composition. See Table 4-21 for sample dimensions and equipment configurations, and
results summarised in Table 4-22.
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Table 4-22: Summary of Dy** lifetime measurement shown in Figure 4-31 using 1.700 um excitation source
(see Table 4-21 for sample specifications and equipment configuration)

Sample type and composition Measurement Lifetime coefficients

(atomic %) A/ um A1 71/ ms Az T2/ ms Yo
F125RERC

Single material fibre (un-annealed)

(Geis.0 Asz21.0 Gai.o Sess.o + 850 ppmw 4.400 0.987 1.73 0 0 0.02618

TeCls + 500 ppmw Dy (foil))

F125RERC

Powdered glass (un-annealed single 4.120 0.955 1.67 0 0 0.06388

material fibre) (Geis.o As21.0 Gai.o
Sesso+ 850 ppmw TeCla + 500 ppmw 4375 0.979 1.71 0 0 | 0.0405
Dy (foil))
EO94REDF(JN)
Co-extruded glass rod (annealed and 4.125 0.894 1.61 0 0 0.1739

polished) (Core: M293REJN:
Geis4.8 AS20.8 Gaz.0 See2.4 + 500 ppmw
Ce (foil) 4.365 0.992 1.64 0 0 0.07849
Cladding: M295REJN:
Geies.5 As16.0 Gas.o Ses1.5 S3.0 + 500
ppmw Dy (foil)) 4.600 0.862 1.68 0 0 0.2079
F125RERC
Single material fibre (un-annealed)
(Ge1s.0 Asz1.0 Ga.o Sess.o + 850 ppmw
TeCls + 500 ppmw Dy (foil))
F125RERC
Powdered glass (un-annealed single 2.855 0.726 4.60 0.396 4.60 | 0.09324
material fibre) (Geis.o As21.0 Gaz.o

Sess0 +850 ppmw TeCla + 500 ppmw 2.955 0.787 4.52 0.351 451 | 0.08287
Dy (foil)) . . . . . .

2.980 0.832 4.84 0.289 4.84 0.1088

Notably, the PL lifetimes in both the 2.600 to 3.400 um and the 3.800 to 5.100 um Dy3* PL
emission bands varied slightly between the sample types listed in Table 4-21. When comparing
the F125RERC composition against the EO94REDF(JN) composition, the presence of ‘S’ (sulfur) in
the EO94REDF(JN) composition did not significantly alter the Dy3* lifetimes as compared to the
composition without sulfur (see Table 4-21).

Considering both the absorption results in Section 4.2.5.1, and the PL emission results in Section
4.2.5.3.3, the addition of a relatively small amount of sulfur (< 3 atomic %) ostensibly reduced

the [Se-H] impurity concentration while having no deleterious effects on the Dy3* cation dopant.
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Thus, the addition of sulfur to the glass composition should be a viable option to ‘tailor’ a host
glass composition containing a RE3* cation dopant to minimise the underlying attenuation in the

4.5 um spectral region, especially for MIR fibre laser applications.

4.2.5.4 Dy*" ESA measurements

ESA measurements were performed on a distilled nominally 500 ppmw ‘Dy’ (foil) doped Geis.o
Asy10 Gaio Seeso atomic % + 850 ppmw TeCls F125RERC single material fibre sample, 441 mm
long, with a diameter of 118.7 £ 18.2 um. This single material fibre sample was exposed to a 1.700
um pump laser to induce the ®His;, - ®Hii1/, electronic transition. Figure 4-32 show the room
temperature, steady state, relative change in intensity of the transmitted probe-light with pump,
relative to no pump present, for the fibre sample. Additionally, the inset within Figure 4-32 shows
the attenuation spectrum of a separate F125RERC fibre sample. Note, this attenuation spectrum
represents the zero-change axis (along the wavelength-axis) in the accompanying ESA spectrum
in Figure 4-32.

Comparing the ESA spectra in Figure 4-32 to the F125RERC attenuation spectrum inset, no
prominent features were observed at 3.150 um, 5.420 um, 8.090 um and 9.670 um in the
corresponding attenuation spectrum, thus validating the latent nature of these unobstructed ESA
bands which are present in the ESA spectra.

Considering the spectral features observed in Figure 4-32 along with the Dy3* absorption and PL
emission measurements made in Section 4.2.5.3, the energy level transitions responsible for
these features were proposed. Table 4-23 lists each significant spectral feature, observed in

Figure 4-32, along with the corresponding proposed energy level transitions responsible for these
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features, and Figure 4-33 shows the Dy3* electronic energy level diagram, inclusive of arrows for
the proposed energy level transitions. Both the ®H11/2 and ®H13/2 energy levels were postulated as
the predominant initial states from which ESA took place due to their ~1.67 ms and ~4.56 ms
lifetimes, as determined in Section 4.2.5.3.b. These proposed energy level transitions match the
corresponding Dy3* energy level spacing as shown in Figure 4-33. However, it must be noted that
additional transitions between alternate energy levels were not ruled out; moreover, these

alternate transitions could have also been partially, or completely obscured by overlapping GSA

bands.
1
35 Mominally Geis.o ASzi.0 Gar.o 58ea.0 atomic ¥
30 + 500 ppmw Dy foil (F125RERC)
0.8 —
z 25
& 20
0.6 15
=
= 10
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Figure 4-32: Showing changes in transmitted probe light intensity, under application of a 1.700 um
continuous wave pump laser for a 441 mm long, nominally 500 ppmw Dy (foil) doped, distilled Ge1s.o Asz1.0
Ga1.0 Segs.o atomic % + 850 ppmw TeCl, glass fibre sample (F125RERC) of diameter 118.7 + 18.2 um, with
inset showing attenuation (dB/m) vs. wavelength (um) for F125RERC single material glass fibre sample
(see Figure 3-33 for additional details on FI25RERC attenuation spectrum). Note, the 2.78 to 2.94 um
spectral region was omitted due to strong absorptions from ®His;,~> °Hisz and [-OH] impurity.
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Table 4-23: Proposed Dy>* electronic transitions to account for observed spectral features seen in Figure

4-32.
A/ pm .
(see Figure Description A ?I_e ctronic
4-32) transition
12000
2.370
. ESA band 8H13/2 = (®Hoy2, ®F11/2)
(4219 cm™) 11000 6H
3 5 i
6H13/2 = (®Hgy2, 6F11/2) « «
2.640 Zero-change and 10000 g g
(3788 cm?) point o o
5H13/2 > ®His/2 2 - ]
9000 © o HyyFop
2.840 Either SE
6 =6
(3521 cm?) | and/or GSD Hi = *Haso
8000 ®Ho/) °F11/2
3.000 Zero-change *Hiz2 > Hasyo . a
(3333 cm?) | point and 7000 £
6H11/2 = (®H7/2, 6F9y2) ) =
~ a
@ 6000 o H
3.150 3 ® 11/2
(3175 cmr?) ESA band 6H;[;L/z -> (6H7/2, 6Fg/z) = N g <
g « m £ ° <
$ 5000 £ =
4.180 & o> il gl 4
. 6 6 ~ Q S|E €
(2392 cm) ESA band Hiziz = PHurz = 4000 S g il K L,
o—© 13/2
4.210 Zero-change M3z $d6H11/z 3000
(2375 cm?) point an o
6H11/2 = ®Hi3p2 £
2000 - & ES
4.480 3 oG
(2232 cm) | SEOON Pz > Mz S % &
1000 & N B
6H 6H
4.760 Zero-change 2 ?d 132 6|-|15/2
(2101 cm™?) point a 0
8H11/2 > (Hey2, 5F112)
Dy3* energy level diagram
5.420
1 ESA band 5H11/2 = (®Hoy2, 6F11/2)
(1845 cm?) . n . .
Figure 4-33: Dy**energy level diagram with
possible upward and downward transitions to
6 6 6 i .
a ;gigq_l) ESA band (*Horz, F;;/Z))e (*Hz, account for changes observed in Figure 4-32
9/2 .
(Arrow lengths ARE TO SCALE in energy).
9.670 (®Hay2, ®F11/2) = (CH72,
(1034 cm?) ESA band GFg/z)

Note, GSD- Ground State Depletion, and SE- Stimulated emission.

The ESA band centred at 2.370 um matched the ®Hiz;2 = (®Hoy2, ®F11/2) upward transition. This
ESA band was partially overlapped by the SE/GSD (stimulated emission/ ground state depletion)

centred at 2.840 um, which matched the ®Hi3/; = ®His/, transition. Thus, it was postulated that
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the spectral overlap of the ®His/> = (°Hoy2, ®F11/2) and ®His/2 = ®Hisy; transitions resulted in a zero-

change point at 2.640 um, at 6.9 dB/m of attenuation.

The ESA band around 3.150 um matched the ®Hi1/2 = (®°H7/, ®Fo/2) upward transition. This ESA
band also partially overlapped by the SE/GSD centred at 2.840 um resulting in another zero-
change point at 3.000 um, at ~ 17 dB/m of attenuation. Interestingly, this ESA band around 3.150
um presents an unexpected issue for the development of 2.8 to 3.4 um Dy3*-based lasers [138],

while employing a 1.70 um pump laser, as this ESA band partially overlaps the 2.600 to 3.400 um

Dy3* PL emission band, shown in Figure 4-30 (a) and (b). Considering the display of Dy3* lasers
operating around 3.1 um [138], while employing either a 1.064 um or 1.3 um pump wavelengths,

it was likely that this ~3.1 um ESA band was likely diminished or absent.

The ®H11/2 = BHi3/; transition was solely responsible for the Dy3* PL emissions between 3.800 to
5.100 um, shown in Figure 4-30 (c) as revealed during the Dy3* PL emission measurements in
Section 4.2.5.3.a. Interestingly, and importantly, the spectral feature peaking at 4.480 um in
Figure 4-32 could only have been due to SE between the ®Hj1/2 = ®Hi3/2> manifolds because of a
lack of any overlapping Dy3* GSA bands to exhibit GSD in this spectral region. This was unexpected
considering the ®His» manifold has a longer lifetime than the ®Hii2 manifold, see Section
4.2.5.3.b, which would cause the excited electron population in the ®Hi3/, manifold to be larger.
Thus, it is postulated that other ESA band originating from the ®His;» manifold sufficiently
depopulated the level to allow SE between the ®Hi1/2 = ®Hi3/2 manifolds. The extrinsic [-Se-H]
impurity vibrational absorption band overlaps this SE band. This SE band alludes the opportunity

to achieve lasing at ~ 4.34 um similar to [135,136,143,193].
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The weak ESA band centred at 4.180 um matched the ®Hi3/2 = ®Hi1/> upward transition. This ESA
band which was partially overlapped by the SE band centred at 4.480 um, which was attributed
to the ®Hi1/2 > ®Hi3/, downward transition, resulting in a zero-change point at 4.210 um, at 2.7
dB/m of attenuation. The ESA band centred at 5.420 pm matched the ®Hi12 = (®Hos2, ®F11/2)
upward transition, which partially overlapped by the SE centred at 4.480 um, resulting in another

zero-change point at 4.760 um, at 4.8 dB/m of attenuation.

The spectral features at 8.090 um and 9.670 pum were speculated to originate due to the (°Hgy2,

®F11/2) = (®H7/2, ®F9/2) transition, due to Dy3* PL emissions reported in [39].
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4.2.6 Discussion on measurement methodology:

This section discusses the measurement methodology used to achieve the finding presented

throughout Sections 4.2.1 to 4.2.5.

4.2.6.1 Absorption measurements results:

Absorption measurements were carried out on polished, bulk chalcogenide glass samples (see

Appendix 7.2.1). These RE3* GSA spectra were used to produce the corresponding RE3* energy

level diagrams and emission and absorption cross-sections. The RE3* GSA within these bulk

absorption spectra were obtained by numerically removing the host glass baseline absorption

and overlapping extrinsic impurity absorptions. These processes sometime introduced errors:

Inaccuracies with the baseline removal process introduced uncertainty into the presented
absorption and cross-section spectra. The precise position of the underlying host glass
baseline at every point of the absorption spectrum was not always obvious. Spectral
regions containing multiple overlapping GSA bands, or regions where GSA bands partially
overlapped extrinsic impurities absorptions sometimes made discerning the host glass
baseline difficult and subjective. This was further exacerbated by the linear interpolation
method commonly used by software packages to ‘fit’ the host glass baseline. Depending
on trend in the host glass baseline the fitting could slightly underestimate or overestimate
the RE3* GSA absorption.

Extrinsic impurities often exhibit vibrational overlapping absorption bands with the GSA
of the RE3* dopant. Thus, necessitating the RE3* GSA bands be deconvolved from the

overlapping extrinsic impurity absorptions, using the procedure described in [116]. This

196



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

task was made more difficult by approximations of the un-obstructed extrinsic absorption
band shape along with uncertainty in the concentration of the unwanted impurity and
assumptions about the predictability of these extrinsic absorptions while overlapped by
RE3* GSA.
Calculation of the optical cross-sections employed the procedures described in Section
7.2.1.1. Calculation of the emission cross-section employed the Fiichtbauer-Ladenburg
equation which required the refractive index of the host material. Unfortunately, the MIR
ellipsometry measurements, see Section 3.2, only evaluated the 2 to 20 um spectral region.

Thus, estimates of the refractive index outside the evaluated spectral regions were used.

4.2.6.2 PL emission measurements:
PL emission measurements were done to investigate PL from the various decay path(s), while
evaluating up-conversion and reabsorption effects by assessing samples with different

geometries. Several learnings were uncovered while carrying out these measurements:

Sample geometry:

Reabsorption due to GSA, ESA, and extrinsic impurities could each influence the emission
spectrum prior to the PL exiting a sample during PL emission spectrum measurements.
Additionally, the volume of the sample, aspect ratio, and the relative position of the PL collection
optics each affected the maximum propagation length within the sample. Thus, to investigate

the influence of these confounding variables several equipment configurations were employed
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using samples with different geometries, namely polished bulk glass, powdered glass, and various
lengths and diameters of SIF (step-index fibre) and single material fibre.

Powdered RE3** doped samples ensured a very short propagation length, due to their small
volume and the relatively uniform aspect ratio of each granule, thus they were considered to
produce the most faithful representation of the nominal RE3* PL emission spectrum. Conversely,
fibres employing the ‘End-collection’ configuration, see inset F in Figure 4-1, afforded significant
propagation length within the sample allowing for reabsorption effects to be evaluated when
compared with powdered sample results. Hence, powdered samples and fibres where the
preferred sample types employed for the PL emission measurements throughout Section 4.2. The
small propagation length the powdered sample configuration produced relatively weak intensity,
while ‘End-collection’ enabled greater intensity by collecting emissions propagating along the

long axis of the fibre sample.

PL spectrum modulation:

PL emanating from the sample could either be electronically or mechanically modulated. PL
emission spectra obtained using an electronically modulated excitation source required
consideration of the modulation frequency and the lifetimes of each of the RE3* energy levels
contributing to the PL emission band. This was necessary to avoid selecting too high a modulation
frequency which could hinder the ability to modulate specific radiative transitions, effectively
filtering them by decoupling them from the detection system, thus influencing the resulting PL
emission spectrum. Several of the RE3* dopants evaluated throughout Section 4.2 possess

disparate lifetimes for their different energy levels, and exhibit PL emission bands comprised of
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radiative transitions from multiple energy levels. Fortunately, mechanical modulation of PL using
an optical chopper with the procedure described in Appendix 7.2.4.5, avoided these potential
issues by virtue of employing a CW pump source. Thus, CW excitation of a sample followed by
mechanical modulation of PL was the preferred method used for obtaining the RE3* PL emission
spectra presented throughout Section 4.2, unless otherwise stated. Note, electronic modulation

was exclusively used with the lifetime measurement procedure described in Section 4.1.1.3.

4.2.6.3 ESA measurements:

The FTIR-based ESA equipment configuration (see Section 4.1.2.1) could be used with different
types and static lengths of RE3* doped fibres, or conceivably a gas cell, and was amenable to
different spectral regions once the selected pump and probe wavelengths were capable of being
propagated along the transmission medium. However, the following challenges were
encountered:

i.  Thermal management: Proper thermal management of the ‘pump launch end’ of the fibre

sample (see Figure 4-2), was essential to achieve repeatable results. Otherwise, localised
heating within the fibre would alter the host glass loss spectrum resulting in spurious
results. This manifested itself as a conspicuous offset from the zero-change axis.

ii.  Atmospheric absorptions: Maintaining constant ambient conditions along the optical

path between measurements was essential to obtain reliable and repeatable results. This
was achieved by restricting laboratory occupancy during measurements to avoid changes
in CO2 and H,0 concentrations and minimising length of sections of the optical path open

to the atmosphere.
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Spectral range of measurement: The ESA equipment configuration, shown in Figure 4-2,

was not capable of performing ESA measurements at the ‘pump’ wavelength, due to the
conflicting transmission band requirement of the dichroic mirror in the optical path, item
4, in Figure 4-2. Importantly, this prevented the evaluation of transitions occurring at the
pump wavelength, which obscured knowledge of the relative population densities in the
uppermost energy manifolds.

RE3* PL emission: The FTIR-based ESA equipment configuration was not capable of

evaluating the RE3* PL emanating from fibre samples during photoexcitation, due to the
CW pump laser, item 1 in Figure 4-2. This limitation was addressed in Section 4.2.2.4 using
an alternate equipment configuration.

‘Cut-back’ measurements: The ‘counter-propagating’ equipment configuration, shown in

Figure 4-2, was unsuitable for ‘cut-back’ measurements. This was due to the difficulty in
maintaining constant launch conditions for either the pump or probe sources, after
cutting back the fibre sample. This prevented a proper assessment of the ‘change in
transmitted probe light intensity’ per unit length (dB/m) over the entire measurement

window.

Ambiguity of electronic transitions responsible for observed spectral features:

ESA measurements did not clearly differentiate which electronic transitions were responsible for

the spectral features observed, as it evaluated only relative changes induced by the application

of the ‘pump’ source. Often, when considering an individual RE3* dopant, there were several

possible electronic transitions to account for the observed spectral features. Therefore, the
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corresponding RE3* absorption measurements and PL emission measurements, along with the
process of elimination were used, when possible, to corroborate and rationalise the most

conservative proposed ESA transitions.

ESA spectra only show relative attenuation or amplification afforded by the RE3* dopant:

The pump-probe measurement technique evaluated only relative changes of the broadband
probe source by ratioing the transmitted spectra with, and without, the application of the ‘pump’
source (see inset (b) in Figure 4-2). This had the benefit of showing only the relative changes
induced due to the photoexcitation of the RE3** dopant. While the underlying attenuation
spectrum of the fibre sample, inclusive of impurity absorptions, was flattened to form the zero-
change axis (the wavelength-axis) (compare insets (a) and (b) in Figure 4-2). This method of
representing the ESA spectra was preferred over presenting the otherwise complex absorption
spectrum of the fibre with its photoexcited RE3* dopant. The ESA spectra presented throughout
Section 4.2, especially in the spectral regions of “positive change” (see Section 4.1.2.2) could be
misconstrued as ‘gain’, when in truth they were superimposed on the underlying attenuation
spectrum of the fibre. Hence the reason each RE3* ESA spectrum was always accompanied by the
corresponding attenuation spectrum. Note, the spectral changes observed during ESA
measurements, would likely be exaggerated in a small core SIF due to higher pump and probe

intensity in the core.

Zero-change points:
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Each RE3* dopant exhibited at least one conspicuous ‘zero-change’ point, situated on, or very
close to, the zero-change axis, in their respective ESA spectra (excluding the ‘Sm’ doped sample).
The wavelength at which these ‘zero-change’ points occurred appeared to be fixed, within the 4
cm ! resolution of the measurement, regardless of pump power used. It was postulated that each
zero-point change was due to the SE and ESA having the same cross-sections. Thus, the ESA and
SE/GSD effectively cancelled each other resulting in only the GSA remaining. Thus, at these
wavelengths the optical attenuation experienced equalled that of the RE3* doped glass without
the application of the pump source and was at least partially comprised of contributions from an
ESA band. Interestingly, the ESA spectra within the immediate vicinity of these points always
appeared to be linear (straight lines), with their gradients being proportional the pump power,
and was at least partially associated with contributions from an ESA band. Notably, this behaviour

was also present in the Er3* ESA measurements presented in [45].
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4.3. Chapter summary:
The NIR and MIR absorption spectra, PL emission spectra, and PL lifetimes of the Ce3*, Pr3*, Sm3*,
Tb3*, and Dy3* cations were each evaluated in Section 4.2. Figure 4-34 summarised the radiative

transitions that were detected superimposed on the corresponding RE3* dopant energy level.
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Figure 4-34: Showing a summary of the PL emission wavelengths, and radiative lifetimes detected from
the Ce*, Pr¥*, Sm*, Tb* and Dy** dopants evaluated throughout Sections 4.2.1 to 4.2.5 superimposed on
their corresponding RE3* energy level diagrams. Arrows in red are to scale.

Encouragingly, several of the PL lifetimes and PL emission bands evaluated agreed with those
reported in literature. Some of the PL emission measurement findings included:
i. The amount of ‘Ga’ in the glass composition seemed to influence the PL lifetime.

Considering the Tb3* lifetime measurements, in Section 4.2.4.3.b, the glass composition
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without ‘Ga’ exhibited a shorter PL lifetime when compared to its ‘Ga’ containing
counterpart, a difference of ~ 1.55 ms was observed in the 4.9 um PL emission band, while
using a 2 um pump. Conversely, the Ce3* PL measurements, in Section 4.2.1.3.b, did not
exhibit this behaviour. The 1 atomic % ‘Ga’ containing M259REZQT sample exhibited a
longer PL lifetime than its 2 atomic % ‘Ga’ EO94REDF(JN) counterpart, a difference of ~
0.42 ms was observed.

ii.  Pr3* PL lifetime measurements, in Section 4.2.2.3.b, revealed that a longer wavelength
pump source resulted in longer lifetimes when compared to a shorter wavelength pump
source. A difference of ~¥1.2 ms was observed for both the 2.3 um and 4.7 um emission
bands in the Pr3* PL measurements when comparing a 4.15 pm to the 2 um pump sources.
Interestingly, the Th3* PL measurements did not exhibit this behaviour.

iii.  Sample geometry also influenced PL lifetimes, the un-annealed single material fibres
samples often exhibited the longest lifetimes, followed by powdered glass samples which
were shorter, and SIF samples typically had the shortest lifetimes.

iv.  Unsurprisingly, the PL emission spectra from powdered glass samples exhibited the least

amount of reabsorption of RE3* PL.

The latent ESA bands for individually Pr3*, Sm3*, Tb3*, and Dy** doped chalcogenide fibres samples
were evaluated. Figure 4-35 summarised the proposed ESA transitions to account for the ESA
bands detected. Reassuringly, these proposed transitions presented throughout Section 4.2

match the energy level spacing of their corresponding RE3* dopant.
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Figure 4-35: Showing a summary of ESA transitions detected from the Pr3*, Sm**, Tb* and Dy** dopants
evaluated throughout Sections 4.2.1 to 4.2.5 superimposed on their corresponding energy level diagrams
(arrows in red are to scale). Please refer to Section 4.1.2 about ESA measurement.

Each RE3* cation evaluated exhibited PL emission bands that overlapped their ESA bands.

Importantly, this resulted in each of these RE3* cations producing PL while simultaneously being

capable of absorbing the PL via ESA. Additionally, the Pr3*, Tb3*, and Dy3* ESA measurements

show that the transitions occurring from different portions of a single excited state manifold can

influence transitions occurring elsewhere within the same manifold. Unfortunately, some of the

numerical models used to represent the transitions occurring between the manifolds in RE3*

cations, such as those described in [181,194,195], will not faithfully capture the dynamics of these

transitions, especially over a range of different excitation powers and sample geometry

Spectroscopic evaluation of each RE dopant revealed the following:
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In-band pumping of ‘Ce’ cation doped samples with a 4.150 um source resulted in Ce3* PL
spectra between 3.400 to 5.800 um. A portion of this Ce3* PL emission band exhibited up-
conversion, presumably due to phonon-based up-conversion and requires further
investigation. The Ce3* PL ‘Trad’ was on average ~ 3.7 ms, while rise times differed
significantly between sample types ranging from 0.28 ms to 7.65 ms.

Photoexcitation of Pr3* doped glass samples revealed three PL emission bands peaking at
~1.700 um, ~2.400 pm and ~4.700 um. The PL emission bands peaking at ~2.400 pum and
~4.700 um were found to each be comprised of more than one radiative transition
overlapping in wavelength. The Pr3* PL emission bands peaking at ~ 1.700 um, and ~2.400
um were both capable of occurring due to ESA of either pump source and/or ESA of Pr3*
PL. The shape and peak wavelength of the ~2.400 um PL emission band was influenced
by the pump wavelength, indicating a change in contributions of the constituent radiative
transitions comprising this emission band. The ~2.400 um emission band was found to
have a ~3.6 ms lifetime, while the ~4.700 um emission was found to have a lifetime
comprised of both ~10.5 ms and ~ 3.6 ms. Pr3* ESA measurements revealed prominent
unobstructed latent ESA bands centred at 2.400 um, and 3.650 um which were attributed
to the (3Hs = 3F;3), and (3Hs = 3F;) transitions, respectively, along with smaller ESA bands.
The monochromator-based Pr3* ESA measurements revealed an ESA band peaking around
3.65 um, this result agreed with the Pr3* FTIR-based ESA measurements. Thus, confirming
the validity of the FTIR-based ESA equipment configuration. Furthermore, these results
showed the effects of ESA on PL intensity within a spectral region occupied by an

unobstructed ESA band.

206



Chapter 4: Spectroscopy of RE3* chalcogenide glasses

Photoexcitation of Sm3* doped samples yielded three PL emission bands centred at 2.100
um, 2.700 um and 3.800 um. The Sm3* PL emission band peaking at ~3.800 um was
comprised of more than one radiative transition overlapping in wavelength. Moreover,
the 3.800 um emission band exhibited several lifetimes. Sm3* ESA measurements
revealed several weak and very broad ESA bands that could not be easily attributed to a
single transition.

Pumping of Tb3* doped samples with a 2.013 um pump source yielded three ‘Tb’ cation
PL emission bands peaking at 3.100 pm, 4.700 um and 7.800 um. Conversely, in-band
pumping of a Tb3* doped sample with a 4.150 pm source ostensibly resulted in a very
broad Th3* PL emission spectrum between 2.700 to 6.200 um, were emissions occurring
above 4.150 um were due to ESA of either pump source and/or ESA of Tb3* PL. The Th3*
PL emissions in the ~ 4.700 um spectral region exhibited two lifetimes predominately
comprised of ~ 11.5 ms and ~ 3.7 ms. Interestingly, the emissions in the ~ 3.100 um
spectral region exhibited two lifetimes which consisted of ~ 12.0 ms, and ~ 3.4 ms. It was
speculated that these two lifetimes were artifacts due to ESA from the ~4.700 emission
band. Th3* ESA measurements revealed three prominent unobstructed latent ESA bands
centred at 3.440 um, 4.320 um and 7.890 um which were attributed to the (’F5s > 7F2),
(Fs = 7F3) and (’Fs = “F4) transitions, respectively, along with smaller ESA bands.
Pumping Dy3* doped samples yielded four ‘Dy’ cation PL emission bands peaking at ~2.450
pum, ~2.900 um, and ~4.400 um. The 2.900 pm and 4.400 um emission bands exhibited
lifetimes of ~ 4.7 ms and ~ 1.7 ms, respectively. Dy3* ESA measurements revealed five

prominent unobstructed latent ESA bands centred at 2.37 um, 3.15 um, and 5.42 pm
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which were attributed to the (°His2 = ®Hoy2, ®F11/2), (BH11/2 = ®H7/2, ®F9s2), and (PH112 >
®Ho/2, ®F11/2) transitions, respectively. Importantly, the Dy3* cation was the only dopant to
unequivocally show stimulated emissions at 4.40 um alluded to the possibility of
achieving fibre lasing, like the crystal-based Dy3* lasers listed in Table 2-6. Unfortunately,

this ESA was overlapped by the [-Se-H] extrinsic impurity aborption.

Interestingly, the ESA bands exhibited in each RE3* dopant allowed the optical attenuation of
specific, relatively narrow, spectral regions within the transmission window of the RE3* doped
fibre to be adjusted optically. Importantly, this capability potentially enables the fabrication of
an all-optical, relatively narrowband, polarization independent, VOA (variable optical
attenuator). This capability could be very useful in optical computing or in communications
systems employing wavelength-division multiplexing, allowing specific wavelengths to be
manipulated, without influencing the optical loss of adjacent wavelength regions, all within in

the same transmission medium.
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5 Investigation of laser action in RE3* doped chalcogenide glass fibres:

This chapter investigates MIR lasing in SIF (step index fibre) samples with RE (rare-earth) cation
doped cores. Section 5.1 describes the methodology employed in both the preparation of
chalcogenide SIF samples and assembly and alignment of the optical cavity used to evaluate SIF
samples. Section 5.2 presents results obtained for the room temperature (20 - 24°C) evaluation
of SIF samples with either ‘Tb’ (terbium) or ‘Ce’ (cerium) cation doped cores. Section 5.3 presents

a discussion on the methodology employed in the presented work.

5.1 Methodology for sample preparation and optical cavity setup:
Setup of the equipment configuration used entailed alignment of a specially prepared SIF sample
to both the pump source and the collection/detection optics, followed by the abutment of
discrete mirrors to form an optical cavity. Once the mirrors were abutted there was no
perceivable gap, the SIF looked as if it was a continuous fibre extending into the mirror. Figure
5-1 shows the flowchart used in cleaving, inspection, and cleaning of fibre samples along with
the mounting, and thermal management of the specially prepared samples. SIF sample
preparation entailed the following steps:
i.  Cleaving of the fibre sample: SIF samples were cut to a desired length by cleaving both
end faces at approximately 90° using a fibre cleaver.
ii. Inspection of cleaved end faces: Each cleaved end was inspected using ‘the end
inspection’ equipment configuration shown in Figure 3-5 (c) to evaluate the SIF
dimensions and cleave quality. Each cleave angle was evaluated using the equipment

configuration shown in Figure 5-2 (a) and (b) (designed and built by Dr David Furniss).
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Vi.

Cleaning of any surface debris: Fibre samples were cleaned of any surface debris, using
procedure described in Appendix 7.2.4.2, to ensure mirrors could be properly abutted to
the surface during optical cavity assembly.

Mounting of sample onto a V-groove fibre holder: Samples were mounted onto a metal
V-groove fibre holder using UV curable polymer, see Figure 5-2 (c). The SIF samples were
mounted with their cleaved face slightly protruding beyond the edge of the V-groove to
facilitate mirror abutment. The 90° + < 1° end face cleaves on the SIF samples prevented
the V-groove fibre holder from impinging the mirrors during their abutment. Additionally,
the overhang of the fibre was intentionally minimised to ensure maximum contact with
the V-groove to improve heat transfer from the pump launch site.

Thermal management of SIF: The SIF sample was coated with the liquid metal InGaSn alloy
(Galinstan) using a cotton swab. The liquid metal coating allowed excellent thermal
conductivity (~16.5 W-m™-K~1[196]) between the SIF sample and the metal V-groove fibre
holder which acted as a heat sink. The InGaSn alloy was applied as close as possible to the
‘laser launch end’ to maximise heat transfer during photoexcitation see Figure 5-2 (c).
Additionally, a gentle jet of dry air was directed at the cleaved end face of the laser launch
end for additional forced convection cooling.

Cladding mode stripping: The high refractive index of the liquid metal coating (greater
than 2.6) caused the SIF cladding to be anti-guiding by inhibiting TIR (total internal
reflection), within the cladding, along the region where it was applied. This ensured that
light transmitted through the SIF predominately propagated within the core of the SIF,

while light in the cladding was attenuated, thus aiding in the optical alignment.
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Cleave end of SIF using a fibre cleaver
(Thorlabs Vytran®, LDC-401).
Evaluate mirror cleave using ‘End
inspection’ configuration (see Figure
3-5).

Is cleave
satisfactory?

No

Evaluate mirror cleave using ‘Side
inspection’ configuration (see
Figure 5-2)

No Is cleave angle
90° +£<1°?

l .

Clean both cleaved ends in isopropanol while
inside an ultrasonic bath for ~ 30 seconds.
Immediately dry cleaved end with a gentle jet
of air.

Evaluate mirror cleave using ‘End inspection’
configuration (see Figure 3-5).

Is cleave
satisfactory?

No

Mount SIF sample onto fibre V-groove holder
with end protruding.

Apply UV curable polymer to secure both ends.
Apply liquid metal InGaSn alloy (Galinstan)
cladding mode stripper.

End

Figure 5-1: Process flow chart for SIF sample preparation.
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Drop of UV beyond edge of V-groove fibre
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Figure 5-2: Showing: (a) & (b) lllustration of measurement procedure for cleave angle (Note, entire imaging
equipment configuration shown in Figure 3-5) along with (c) illustration of mounted, prepared SIF sample.

5.2 Evaluation of MIR lasing in rare-earth ion doped chalcogenide glass fibres:

The dopants ‘Th’ and ‘Ce’ were each evaluated for their room temperature (20 -24°C) MIR lasing

potential. In Section 5.2.1, the SIF F105REJN, with its Tb3* doped core, (see Section 3.2.1.2) was

evaluated using a 2.825 um pump source. In Section 5.2.2, the SIF F130RERC, with its Ce3* doped

core, (see Section 3.2.2.2) was evaluated using in-band pumping with a 4.150 um pump source.

Notably, MIR lasing at wavelengths greater than 5 um, due to the 2F7/> > %Fs/, radiative transition,

was demonstrated during this evaluation.
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5.2.1 Optical cavity containing Tb3* doped SIF:

The lasing potential of a SIF FI05REJN with a nominally 500 ppmw ‘Tb’ cation doped core, and a
calculated NA of ~ 0.21, was evaluated in collaboration with Dr Fred Maes and Dr Martin Bernier
of the University of Laval, Canada. The impetus for this collaboration was due to the numerical
modelling presented in [181] which alluded to the feasibility of MIR lasing, along with the
availability of the custom made 2.825 um pump source provided by the collaborators from the
University of Laval. Due to time limitations and technical challenges MIR lasing was not achieved
during this collaboration, however several important learnings were uncovered, and
subsequently applied to the Ce MIR lasing in Section 5.2.2.

A ‘butt-coupled’ and a ‘backward-pumping’ equipment configuration were both tested. The
‘butt-coupled’ configuration was used to investigate the power dependency of Thb3* PL emissions
from a SIF sample. The ‘backward-pumping’ configuration was used to investigate the potential
for lasing within a partial optical cavity. In both equipment configurations a 2.825 pum pump laser
was selected to engage the Th3* 7F¢ = “F4 ground state absorption.

A ‘butt-coupled’ equipment configuration, shown in Figure 5-3 (a), was used to excite a SIF
sample with a Tb3* doped core using a 2.825 um fibre laser, item 1 in Figure 5-3. In this
configuration a beam from the 2.825 um laser was focused into the launch end of an undoped
fluoride fibre, item 7 in Figure 5-3. The opposite end of this fibre was abutted to a SIF sample,
item 9 in Figure 5-3. The resulting Tb3* PL emissions from the core of the SIF were collected from
the opposite end of the fibre and evaluated. The results of using this equipment configuration
are presented in Section 5.2.1.1. Note, the ‘laser launch end’ of the undoped fluoride fibre, item

7 was observed to deteriorate over a few days, possibly due to its hygroscopic properties.
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(a) Butt-coupled equipment configuration
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1. Fibre coupled 2.825 um Er-doped laser (LAVAL, University of Laval). This laser
was electronically modulated while using the ‘backward pumping
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2. CaF,50/50 beam splitter (Thorlabs, BSW520) mounted in kinematic mount. = ~ U

3. Thermal power meter (Molectron, PM3).

4.  Optional mechanical chopper (Scitec Instruments) amplitude modulating the
Er fibre laser at frequency of 74 Hz.

5. Bi-convex CaF, lens, f = 15 mm (Thorlabs, LB5766-E) on pan/tilt XYZ
translational stage.

6. Copper V-groove fibre holder was used to hold a fluoride fibre at the laser
launch end.

7.  Fluoride fibre 15 pm core 250 um OD, NA = 0.12, and ~2.5 m long, with both
ends cleaved at ~90° and attached to the V- groove fibre holders at both ends
using UV curable, high index, polymer.

8. Stainless steel V-groove fibre holder used to mount fluoride fibre, with
cleaved end face protruding, approximately 1 diameter to facilitate ‘butt-
coupling’ launch end.

9. SIF F105REJN sample, with both ends cleaved at ~90° and attached to V-
groove fibre holder(s) at both ends using UV curable polymer and coated in
of Galinstan (InGaSn alloy) for cladding mode-stripping and thermal
management.

10. Stainless steel V-groove fibre holder used to mount SIF F105REJN with
cleaved launch end face protruding, approximately one fibre diameter to
facilitate ‘butt-coupling’.

11. Plano convex CaF, lens, f = 20 mm (Thorlabs, LA5315) mounted on XYZ stage.

12. Plano convex CaF, lens, f = 40 mm (Thorlabs, LA5370) mounted on precision
XYZ stage.
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13. 3.981 um long wave pass filter (NOC, SLWP-3981-000145) on kinematic
mount.

14. Monochromator (Spex Minimate equipped with diffraction grating
blazed at 6.000 um) with 0.25 mm entrance and exit slits, supplied with
dry, purged atmosphere (H,0 & CO, removed).

15. MCT (mercury cadmium telluride) detector (Vigo Systems, PVI-4TE-6).

16. Plano convex CaF, lens f = 50 mm (Thorlabs, LA5763) on pan/tilt
precision XYZ translational stage (Newport, 561D).

17. Interchangeable item:

a.  Gold mirror (Thorlabs, ME1-M01) mounted in kinematic mount atop a
precision XYZ stage (Melles Griot).

b. Thermal power meter (Thorlabs, C-Series S302C).

Note, quoted launch power estimated at position ‘A’

Figure 5-3: Showing equipment configurations used to evaluate SIF FIO5REJN samples with Tb doped cores
and excited with a 2.825 um pump source: (a) ‘Butt-coupled’ equipment configuration and (b) ‘Backward-
pumping’ configuration with inset of FI03REJN(RC) attenuation spectrum (note this is core of FIO5REIN
sample). Note, the control/data acquisition configuration used for both the ‘butt-coupled’ and ‘backward
pumping’ configurations is described in Section 7.2.4.4.
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A ’backward-pumping’ equipment configuration, shown in Figure 5-3 (b), was used to excite a SIF
sample with a Tb3* doped core as the gain medium while in a partial optical cavity. Note, this
configuration was described as a ‘partial optical cavity’ due to the mirrors used namely, a gold
mirror (item 17(a) in Figure 5-3, 95.8 % reflective at 5 um) and the Fresnel reflection at the ‘laser
launch end’ (~19 % reflective at 5 um). In this configuration a 3.981 um LWP filter acting as a long
pass dichroic mirror, item 18 in Figure 5-3, was used to reflect the 2.825 um beam towards the
SIF sample while nominally allowing emissions in the spectral region greater than 4.0 um
emanating from the SIF to be transmitted towards the detection system. The beam from the
2.825 um laser was focused into the SIF sample, item 9 in Figure 5-3. The opposite end of this SIF
was either abutted to a gold mirror or directed into a thermal power meter to measure the pump
power transmitted through the SIF. The resulting Tb3* PL emissions emanating from the core of
the SIF at the ‘laser launch end’ were transmitted through the dichroic mirror and collected and
evaluated. The results of using this equipment configuration are presented in Section 5.2.1.2 and

discussed in Section 5.3.

5.2.1.1 SIF FI05REJN evaluation with ‘butt-coupled” equipment configuration:

Figure 5-4 shows the Tb3* PL emission spectra for a SIF FI05REJN sample with a core diameter of
approximately 30 um, 130 mm long, using the ‘butt-coupled’ equipment configuration, shown in
Figure 5-3 (a). The Tb3* PL emission band spanned the 4.00 to 6.00 um spectral region and was
predominately attributed to the Fs > 7Fg radiative transition. Importantly, the intensity of Th3*
PL emissions centred around 4.85 um was sublinear at higher pump power, with the onset of

saturation of Tb3* PL emissions above 400 mW RMS power, as shown on the inset in Figure 5-4.
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This sublinear relationship implied saturation of the entire 130 mm long sample and possible
population inversion between the ’Fs manifold and the “Fs ground state. Note, the ostensible
ability to saturate the Tb3* PL emission without incurring damage to the sample was the impetus

to evaluate an SIF sample inside a partial optical cavity which is expanded on in the next Section.
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Figure 5-4: PL emission spectra from SIF FIO5REJN sample with a nominally 500 ppmw Tb (foil) doped core
~ 30 um core diameter and 130 mm long excited with 2.825 um pump source using the ‘butt-coupled’
equipment configuration shown in Figure 5-3 (a), along with inset showing sub-linear Tb** PL emission
intensity at 4.85 um with increasing pump power. Note, RMS power of 2.825 um pump source listed in
legend and presented spectra have not been corrected for system spectral response.

5.2.1.2 SIF FI05REJN evaluation with ‘backward pumping” equipment configuration:

Figure 5-5 shows the normalised Th3* PL emission spectra for a SIF FI05REJN sample with a core
diameter of approximately 25 um, 380 mm long, using the ‘backward-pumping’ equipment
configuration, shown in Figure 5-3(b). Note, the Th3* PL emission spectra were each measured
with the gold mirror, item 17(a) in Figure 5-3, abutted to the SIF sample to form a partial optical

cavity. The Tbh3* PL emission band spanned the 4.00 to 5.80 um spectral region and was
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predominantly attributed to the ’Fs > “F¢ radiative transition. Notably, the peak PL emission
gradually shifted to longer wavelengths with increasing pump power. The features observed
within the 4.60 to 5.20 um spectral region in Figure 5-5 were unexpected, especially when
considering the shape of the Th3* PL emission spectra previously shown in Figure 5-4, thus it was
postulated to be due to an absorption band. The strength of this absorption band increased with
the 2.825 um pump power, thus was likely a result of ESA. Note, the spectral feature around 5.62
pum was attributed to the 2nd order diffraction of the 2.825 um pump laser. This was present due
to a portion of the 2.825 um pump light being reflected off the SIF sample and into the collection

optics and detection system.
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Figure 5-5: Normalised PL emission spectra from SIF FIO5REJN sample with a nominally 500 ppmw Tb (foil)
doped core ~ 25 um core diameter and 380 mm long excited with 2.825 um pump source using the
‘backward-pumping’ equipment configuration shown in Figure 5-3(b) (gold mirror abutted), with inset
showing launch pump power vs transmitted power at opposite end of SIF sample measured with thermal
power meter. Note, the presented spectra were normalised to their peak emission wavelength to highlight
the shift in the peak emission to longer wavelengths with increasing pump power. Additionally, RMS power
of 2.825 um pump source listed in legend and presented spectra have not been corrected for system
spectral response.

217



Chapter 5: Investigation of laser action in RE3* doped chalcogenide fibres

The inset in Figure 5-5 shows the pump launch power versus the transmitted power at the far
end of the SIF FIO5REJN sample. Note, the transmitted power was measured with the thermal
power meter, item 17(b) in Figure 5-3. The relationship between the pump launch power versus
the transmitted power was linear up to 373 mW RMS pump power. Regrettably, this SIF
F105REJN was permanently damaged at an RMS launch power of ~ 421 mW, which caused a
significant decrease in Tb3* PL emission intensity, however there was no visible damage at the
laser launch end, indicating possible internal damage further along the SIF. Note, SEM images of
the ‘laser launch end’ of this ‘damaged’ SIF sample are presented in Chapter 3 in Figure 3-9 (d).
Notably, the linear relationship between the pump launch power and the transmitted power
indicated that, without the gold mirror abutted, the 380 mm long sample was not entirely
saturated for the pump powers tested.

The Th3* PL emission spectra presented in Figure 5-5 differed from those presented in Figure 5-4
due to the differences in the dimensions of both samples, the equipment configurations used,
and the system spectral response of each equipment configuration (see Figure 5-3).

Considering the pump powers employed in Figure 5-5 and the results from the ‘butt-coupling’
equipment configuration, the portion of the SIF sample closest to the ‘laser launch end’ was most
likely saturated, while the far end of the sample was unsaturated. Thus, to account for the
apparent absorption band between 4.60 to 5.20 um, shown in Figure 5-5, and its variability with
pump power, it was postulated that the saturated regions of the SIF afforded ESA of Tb3* PL,
especially from the unsaturated regions where the PL was reflected due to the partial optical
cavity. In hindsight ESA evaluation of Tb3*-doped samples with a 2.8 um pump source to exploit

the ’Fs > ’F4 GSA while using the equipment configuration described in Section 4.1.2.1 could
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verify the nature of this absorption. Considering the presented Tb3* energy level diagram,

illustrated in Figure 5-6, the proposed ESA was most likely due to optical absorption between:

» The ’Fs - ’F3 transition centred around 4.63 um (~2159 cm™). The long ~11.5 ms radiative
lifetime of the “Fs manifold (see Section 4.2.4.3.b) potentially enabled excited electrons to
undergo optical absorption with Tb3* PL, to be further excited to the ’F3 manifold.

> The "F4 > (’Fo, ’F1) transition centred around 5.00 um (~2000 cm™). Despite the short ~35 ps
lifetime of the 7F4 manifold (see Section 4.2.4.3.b), it was postulated that the 2.825 um pump
wavelength enabled an electron population in the 7F4 manifold which could then undergo
optical absorption with Tb3* PL, to be further excited to the (’Fo ’F1) manifolds.

Note, both proposed ESA transitions would potentially manifest themselves as NIR PL emissions

from the uppermost energy levels. NIR PL measurements were not carried out to detect these

wavelengths due to the specifications of the dichroic mirror, item 18 in Figure 5-3, used in the

presented equipment configuration.
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Figure 5-6: Illustration of Tb>* energy level diagram showing two proposed ESA transitions with 2.825 um
pump source to account for spectral features observed in Figure 5-5. Note, arrows are too scale.
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5.2.2 Optical cavity containing Ce3* doped SIF:

Trivalent Ytterbium (Yb3*) has an electronic configuration consisting of a 2F7/2 ground state and a
single 2Fs» excited state. Owing to the similarities between the two-level electronic
configurations of both trivalent Ce3*, and Yb3* it was postulated that the Ce3* cation could be
used as the gain medium for a MIR laser analogous to the Yb3* dopant used in yttrium aluminium
garnet NIR lasers. These Yb3* lasers utilised ‘in-band pumping’ between the 2F72 and ?Fsy;
manifolds to form a quasi-three-level laser system, relying on non-radiative transitions between
the Stark splitting within both the ground state and excited state [73,197]. Thus, Yb3* NIR lasers
were the impetus to evaluate the MIR lasing potential of the SIF with a nominally 500 ppmw ‘Ce’
cation doped core, with a calculated NA of ~0.48, using in-band pumping with a 4.150 um source.
Figure 5-7 shows the ‘backward-pumping’ equipment configuration used to investigate room
temperature MIR lasing in SIF F130RERC samples.

The optical cavity used comprised the ‘Ce’ cation doped gain medium, item 2 in Figure 5-7, with
a mirror butt-coupled to each end. A short wave-pass filter (item 4 in Figure 5-7, acting as a
dichroic mirror 87 % reflective at 5.100 um) was abutted at the ‘laser launch end’ and a gold
mirror (item 1 in Figure 5-7, 95.8 % reflective at 5.10 um) was abutted at the opposite end. The
4.150 um QCL beam was partially reflected off an LWP (long wave-pass) filter, item 6 in Figure
5-7, and focused into the ‘laser launch end’ of the SIF sample through the dichroic mirror (item 4
in Figure 5-7, 74 % transparent at 4.150 um). The resulting optical cavity emissions emanating
from the ‘laser launch end’ were transmitted through the dichroic mirror, item 6 in Figure 5-7,

and collected and evaluated.
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1. Gold mirror (Thorlabs, ME1-MO01) in kinematic mount, atop a Wavelength / pum
precision XYZ translational stage (Melles Griot).

2. SIF F130RERC sample, coated in of Galinstan (/InGaSn alloy) for
cladding mode-stripping and thermal management, a low flow rate of
FTIR purge gas was used to actively cool the laser launch end.

3. Stainless steel V-groove fibre holder on XYZ translational stage.

4. 4.421 pm short wave pass filter (NOC, SWP-17220-1-1-17) in
kinematic mount, atop a precision XYZ translational stage (Melles
Griot).

5.  Bi-convex Can lens, f = 15 mm (Thorlabs, LB5766-E) on pan/tilt,

10. Optional mechanical chopper (Bentham, 5200_218 H) modulating
input to monochromator at 418 Hz. Note this only used for emission
spectrum measurements.

11. 4.630 um LWP filter (NOC, SLWP-4630-000434) optical filter:

12. Monochromator (Spex Minimate equipped with diffraction grating
blazed at 6.000 um) with 0.25 mm entrance and exit slits, supplied with
dry, purged atmosphere (reduced H,0 & CO, concentration).

13. MCT (mercury cadmium telluride) detector (Vigo Systems, PVI-4TE-6).

precision XYZ translational stage (Newport, 561D). 14.  Gold mirror (Thorlabs, ME1-MO01) on kinematic mount.
6. 4.203 um LWP (long wave pass) filter (NOC, SLWP-4203-001138) 15, % wave plate (Thorlabs, WPLQO5M-4000) in rotational mount.

acting as a dichroic mirror, on kinematic mount. 16.  Polariser (Thorlabs, LPMIR0O50-MP2) in rotational mount.
7. Thermal power meter (Thorlabs, C-Series $302C). 17.  Open beam 4.15 um QCL (Pranalytica, 1101-42-CW-2500LH) either CW
8.  Optional neutral density filter (Thorlabs, NDIR10B). mode or electronically modulated.

9. CaF, lens, f = 50 mm (Thorlabs, LA5763) on pan/tilt, precision XYZ  Note, quoted launch power estimated at position ‘A’.
translational stage (Newport, 561D).
Figure 5-7: ‘Backward-pumping’ equipment configuration used to evaluate Ce-doped SIF F130RERC
samples with a Ce-doped core and excited with a 4.15 um QCL, with two insets showing specification of
optical cavity mirrors and attenuation of FIO9REZQT(RC&JN) (this is the core of SIF 130RERC). Note, the
control/data acquisition configuration used with the equipment configuration is described in Section
7.2.4.4.
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A small portion of the 4.150 um pump power was transmitted through the LWP filter, item 6 in
Figure 5-7, into a thermal power meter, item 7 in Figure 5-7, which was used to monitor the 4.15
um launch power during operation. A 4.630 um LWP filter, item 11 in Figure 5-7, was positioned
at the entrance of the monochromator to block any 4.150 um pump light reflected off the SIF
sample, and transmitted through the dichroic mirror, item 6 in Figure 5-7, towards the collection
optics and detection system.

The dichroic mirror used at the ‘laser launch end’, (item 4 in Figure 5-7) had low transparency,
~0.24 % at ~5.1 um, as shown in the inset in Figure 5-7. As a result, once the optical cavity was
assembled, this dichroic mirror significantly attenuated all transmitted emissions with
wavelengths greater than ~4.4 um, inclusive of laser emissions and Ce3* PL. Thus, resulting in the
distinct flat baseline of the emission spectra with conspicuous peaks present at lasing
wavelengths presented in the following Sections. Additionally, the resolution of the detection
system was determined to be approximately 0.015 um at a wavelength of 4.150 um. This
characterisation was achieved by evaluating the 4.150 um QCL output spectrum using the
monochromator and detector, items 12 and 13 in Figure 5-7, and comparing that result against
the manufacture supplied specifications for the QCL. Note, this ‘backward-pumping’ equipment
configuration is further discussed in Section 5.3.

MIR lasing was observed in four separate SIF F130RERC samples using the equipment
configuration shown in Figure 5-7. Table 5-1 lists the specifications for each SIF FI30RERC sample,

prepared using the procedure described in Section 7.2.4.2.
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Table 5-1: Physical dimensions for SIF FI30RERC samples that exhibited lasing action:

Parameter Sample #3 Sample #4 Sample #8 Sample #11
. . 245+3.2

Cladding diameter um 247+ 4.7 um 191.5+5.8 um 235+ 2 um
Core diameter 14 um 13 um ~9um 15.3 um
Sample length 5.5cm 4,77 cm 6.4cm ~6.4cm
Cleave angles for cleave 90.0° 90.3° 89.9° 89.0°
for gold mirror end. 89.3° 89.3° 89.6° 90.8°
Cleave angles for cleave 89.9° 90.6° 89.8° 89.1°
for laser launch end. 89.7° 89.0° 89.6° 90.0°

5.2.2.1 SIF F130RERC samples #3 & #4 evaluation with ‘backward pumping’ configuration:

Evaluation of SIF F130RERC sample #3 (see Table 5-1) exhibited intermittent lasing action at

wavelengths around 4.9 um and 5.1 um. The optical cavity output intensity fluctuated

significantly for a few minutes before completely stopping on its own.

Evaluation of SIF F130RERC sample #4 (see Table 5-1) generated intermittent lasing action at

wavelengths around 4.89 um and 5.12 um. The optical cavity output intensity fluctuated for

about 5 to 10 minutes before completely stopping on its own. Attempts to restart lasing after

repositioning of the 4.421 SWP filter, item 4 in Figure 5-7, were unsuccessful.

Note, that the equipment configuration, and methodology were still undergoing refinement

during measurements with sample #3 and #4. Thus, improper mirror abutment and misalignment

of the pump laser to the SIF core likely contributed towards the intermittent lasing observed.
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5.2.2.2 SIF F1I30RERC sample #8 evaluation with ‘backward pumping’ equipment configuration:
The evaluation of SIF FI30RERC sample #8 (see Table 5-1) yielded a stable CW output from the
optical cavity, with emission peaks centred around 5.135 um ‘Peak A’, 5.175 um ‘Peak B’, and

5.28 um ‘Peak C’, as shown in Figure 5-8 (a).
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Figure 5-8: Optical cavity emission measurements for SIF F130RERC sample #8 with a nominally 500 ppmw
Ce doped core (see Table 5-1) showing (a) intensity (a.u.) vs wavelength (um) for optical cavity output
Note, each plot has been intentionally offset on the vertical axis to better show the shift in peak emission
wavelength at different pump powers and continuous wave QCL power quoted in legend, (b) areas under
emission bands seen in Figure (a) vs. 4.150 um QCL power (mW) (c) Switch off time for 5.129 um emission
intensity vs. time (us) with 4.15 um QCL at 197 mW RMS launch power.
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The three peaks, shown in Figure 5-8 (a), indicated the presence of at least three modes within
the cavity during operation. Notably, each peak gradually shifted to longer wavelengths with
increasing 4.15 um QCL power, this was possibly due to microscopic changes in the dimensions
of the optical cavity with changes in QCL power. Due to the spectral resolution of the equipment
configuration (~0.015 um) the true shape of these emission peaks likely differed in fine detail
from those presented. The output power of the optical cavity was too low to measure with the
available thermal power meter, preventing a traditional laser characteristic, (pump power versus
laser output power) from being evaluated. To address this omission the total area under each
emission peak was integrated and plotted against the pump power, as shown in Figure 5-8 (b).
Both ‘Peak A’ and ‘Peaks B’ exhibited a ‘threshold’ like feature at ~86 mW pump power, followed
by a near linear region with increasing pump power up to 616 mW for peak A. Conversely, both
‘Peak B’ and ‘Peak C’ exhibited sublinear behaviour with increasing pump power and notably
‘Peak C' completely disappeared at pump powers above 211 mW. The laser launch end of the SIF
F130RERC sample #8 was permanently damaged at a launch power of ~ 830 mW, which caused
all laser output from the optical cavity to cease. The cavity output was capable of being switched
off and on and modulated via the 4.15 um QCL source. The fall time of the optical cavity was

measured at 2.5 ps at 5.129 um (peak A), as shown in Figure 5-8 (c).

5.2.2.3 F130RERC sample #11 evaluation with ‘backward pumping’ equipment configuration:
The evaluation of SIF FI30RERC sample #11 (see Table 5-1) yielded a stable CW output from the
optical cavity roughly centred around 5.1 um, comprised of a complex series of peaks, as shown

in Figure 5-9 (a). Cavity emissions, shown in Figure 5-9 (a), exhibited multiple peaks, especially at
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higher QCL power, which indicated multimode operation of the cavity. Additionally, the cavity
emissions gradually shifted to shorter wavelengths with pump powers greater than 202 mW.

Notably, this complex optical cavity emission spectrum measured resembled that found in [130].
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Figure 5-9: Optical cavity emission measurements for SIF F130RERC sample #11 with a nominally 500
ppmw (see Table 5-1) showing (a) Intensity (a.u.) vs wavelength (um) for optical cavity output Note, each
plot has been intentionally offset on the vertical axis to better show the shift in peak emission wavelength
at different pump powers, and (b) area under emission band seen in Figure (a) vs. 4.150 um QCL power
(mW). Note, continuous wave QCL power quoted in legend.
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The output power of the optical cavity was too low to measure with the available thermal power
meter, preventing a traditional laser characteristic from being evaluated. Thus, the total area
under the cavity emission spectrum was integrated and plotted against the pump power, as
shown in Figure 5-9 (b). Notably, a ‘threshold’ like feature was present at 100 mW pump power,
followed by a near linear region with increasing pump power up to 202 mW. This near linear
dependence ceased at pump powers above 202 mW, interestingly this coincided with the start

in gradual shift to shorter wavelengths for the emission spectrum, shown in Figure 5-9 (a).

5.3 Discussion of methodology and results:
The results presented in Sections 5.2.1 and 5.2.2 highlight the challenges of achieving MIR lasing
using chalcogenide SIF samples with RE3* doped cores. Internal defects (holes, and striae) were
the most problematic issue encountered during laser experiments, Sections 3.2.1.2 and 3.2.2.2,
show some of the defects. Regrettably, this issue limited the maximum usable lengths of SIF
samples and made iterating experiments to optimise the ideal sample dimensions and optical
cavity configuration difficult. Importantly, the desire to avoid or eliminate these internal defects
was the impetus for the following work:

» Development of a non-destructive imaging presented in Section 3.1.2.2 to screen samples

for internal defects.
» Co-extrusion of the core and cladding, presented in Section 3.2.6.2 to minimise defects at

the core cladding interface.
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The backward pumping configuration, shown in both Figure 5-3 (b) and Figure 5-7, was an ad hoc
design implemented to capitalise on the available optical components. This equipment
configuration conveniently allowed a generic, low cost, gold mirror to be used as part of the
optical cavity. Thus, affording for the assembly of a partial optical cavity (shown in Figure 5-39
(b)), when only using the discrete gold mirror, or a full optical cavity (shown in Figure 5-7), when
using both the discrete gold mirror and a dichroic mirror. The ‘backward pumping’ configuration
exhibited several short comings due to component choices and equipment configuration layout:

» Optimising the alignment of the ‘laser launch end’ of the SIF to both the pump laser and
the collection optics was difficult and time consuming. The dichroic mirror, item 4 in
Figure 5-7, once aligned, provided feedback into the optical cavity. Unfortunately, it was
cumbersome and difficult to align, often detrimentally influencing the injection of the
pump laser.

» The dichroic mirror used to reflect the pump laser towards the ‘laser launch’ end of the
SIF sample, item 18 in Figure 5-3, and item 6 in Figure 5-7, limited the detectable spectral
range of the measurements, while influencing the spectral response of the collection
optics.

» A portion of the pump laser light reflected from the SIF sample was invariably directed
towards the detection system, as shown with the presence of the harmonics of the 2.825
um pump laser in Figure 5-5. Thus, necessitating additional optical filtering in the
collection optics.

» The detection system lacked the spectral resolution to accurately evaluate the optical

cavity emissions.
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» The poor transparency of the dichroic mirror, item 4 in Figure 5-7, used to construct the

optical cavity was detrimental to the output performance of the laser.

5.3.1 SIF with Tb3* doped core discussion:

The results presented in Section 5.2.1 allude to the challenges of achieving MIR lasing due to the
’Fs > 7Fe transition with the Tb3* cation. These issues were potentially due to deficiencies in
either the equipment configuration or SIF used. Additionally, evidence of ESA of Th3* PL, see
Figure 5-6, indicated that the 2.825 um pumping scheme was potentially problematic. This was
further corroborated by recent reports of MIR lasing in Th3* doped samples at wavelengths

greater than 5 um found in literature [121,141,142], while using a 2 um pump laser.

5.3.2 SIF with Ce3* doped core discussion:

Room temperature lasing at wavelengths greater than 5 um from a chalcogenide SIF with a ‘Ce’
cation doped core while using in-band pumping was demonstrated. This achievement was
undoubtably enabled by the relative simplicity of the Ce3* cation, along with the relatively low
loss and low phonon energy of the chalcogenide host glass. Challenges with the optical
component choices employed in the equipment configuration and imperfections in the ‘Ce’
cation doped samples hampered laser performance and prevented proper laser characterisation
and optimisation of the equipment configuration employed. Notably, lasing was achieved with a
Ce3* doped sample that was not purified with vacuum distillation. The [-Se-H] vibrational impurity
absorption band, spanning the 4.3 to 5.0 um spectral region (see Table 2-4 and Figure 3-33)

increased optical attenuation within the gain medium at these wavelengths, resulting in heating
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within the sample. ‘Gain’ within the optical cavity was likely only present for wavelengths just
beyond the [-Se-H] absorption band wavelengths. This indicated that the optical loss of the glass
in this spectral region, was sufficiently low to achieve lasing. Furthermore, presumably if the [-
Se-H] impurity was significantly reduced or removed the Ce3* lasing wavelengths could
potentially occur at wavelengths below 5.0 um.

The results presented in Section 5.2.2 also showed variability in their PL emission intensity and
lasing ability of SIF sample. The root cause for this variability could have been attributed to
internal defects in the SIF samples and possible non-uniform distribution of the Ce3* dopant
concentration. To address these issues each core glass compositions produced by the author,
excluding F120REJN, (see Table 3-9) was produced with 2 atomic % ‘Ga’ in its composition to
improve RE3* dopant solubility despite its detrimental effects to the minimum optical loss.

The high cost of the 4.15 um QCL (> £40,000) used in the presented equipment configuration
(see item 17 in Figure 5-7) renders it uneconomical. To make this MIR laser commercially viable
a more economical pump source is required. Alternate MIR pump sources such as the Fe:ZnSe
pulsed lasers operating at 4.1 um, as described in [130,131], are bulky and require cryogenic
cooling. Alternatively, Ce3* cation excitation schemes employing a co-dopant, such as the Dy3*
cation, to enable photoexcitation with more economical pump lasers, have been demonstrated
in [174]. The Dy3* cation can be efficiently photoexcited with relatively low-cost pump sources
(either a 1.3 um or 1.7 um pump source), the resulting 3.8 to 5.2 pum Dy3* PL emission band (see
Figure 4-30) completely overlaps the Ce3* GSA band (see Figure 4-3 (a) and (c)). Thus, the Dy3* PL
can efficiently photoexcite the Ce3* cation. Importantly, the Dy3* cation does not have a GSA band

that overlaps the 3 - 6 um spectral range (unlike the Pr3* cation which also has a PL emission
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bands within the ~4.7 um spectral range). Pricing of these alternative pump sources can vary
widely commercially available options can be more than 10 times cheaper [198] than the 4.15
QCL used. These pump sources are often fibre-coupled making them suitable for integration with
compact MIR-fibre laser designs and importantly they would be insensitive to Ce3* PL (the 4.15
um QCL was susceptible to output power fluctuations due to the Ce3* PL, see 7.2.4.1) However,
unwanted interactions between the desired Ce3* lasing wavelengths and latent ESA bands
present in the RE co-dopant, as shown in Section 4.2.5.4 could render these excitation schemes
unusable while in an optical cavity. Conceivably, the Ce3* doped core of an SIF could be cladding
pumped with RE3* PL to avoid these potential latent ESA bands. Note, this was the impetus for

the production and fabrication of the coextruded glass rod presented in Sections 3.2.6.2.

5.4 Chapter summary:

The aim of the work presented in this chapter was to investigate room temperature MIR lasing
in chalcogenide SIF samples with RE (rare-earth) cation doped cores. Two dopants, Ce3* and Th3*
were separately, evaluated.

MIR lasing was not achieved in the Tb3* doped samples due to time limitations and technical
challenges. However, saturation of Tb3* PL from samples without incurring damage while using a
2.825 um pump source was demonstrated along with ostensible evidence of ESA within in an
optical cavity was observed. Fortunately, MIR lasing due to the 2F7/2 > %Fs/; radiative transition
in Ce cation doped samples was demonstrated, with emission wavelengths up to 5.28 um. The
intensity of these cavity emissions was too weak to be properly evaluated, hence the omission of

a laser characteristic or slope efficiency. However, analysis of the cavity emission spectra
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revealed ‘threshold-like’ features at pump powers as low as 86 mW. The shortcomings
encountered were due to technical challenges with the optical component choices employed in
the equipment configuration and imperfections in the ‘Ce’ cation doped samples. Additionally,
the poor performance and reliability of the SIF sample evaluated allude to significant room for

improvement.
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6 Conclusions and possible future work:

A significant milestone of this work was to achieve room temperature MIR (mid-infrared) lasing
in trivalent lanthanide, RE3* doped chalcogenide glass fibres. This objective was ultimately
realised when lasing at wavelengths greater than 5 um from a SIF (step-index fibre), with a ‘Ce’
cation doped core, was demonstrated for the first time (see Section 5.2.2). In addition to this
objective, the spectral properties of individual Ce3*, Pr3*, Sm3*, Tb3*, and Dy3* doped chalcogenide
glass samples were evaluated, inclusive of latent ESA (excited state absorption) measurements,
(see Section 4.2). The production of both undistilled or distilled, undoped or RE3* doped bulk
chalcogenide glass compositions was also demonstrated (see Section 3.2). These glass
compositions were shown to be amenable to extrusion, co-extrusion, drawing into SIF or drawing
into single material fibre/cane, with relatively low optical attenuation. Additionally,
improvements to glass production and fibre fabrication were made. These entailed NIR/MIR
imaging of glass samples to detect hidden internal defects, and co-extrusion of RE-cation doped
glass into a step-index glass rod to minimise defects at the core/cladding interface in SIF samples.
However, the presented work alludes to several potential advancements in the areas of
chalcogenide glass production, chalcogenide fibre fabrication, and spectroscopic

characterisation, and MIR lasing.

6.1 Chalcogenide glass production and fabrication:
Purification of the chemical precursors used in chalcogenide glass production was imperative

towards minimising the optical losses of the resulting chalcogenide glass fibre. Additionally, the
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preparation and cleaning procedures must be improved to eliminate defects and impurities

introduced during the fabrication of chalcogenide components.

6.1.1 Purification of chemical precursors and glass:

To minimise optical attenuation both the volatile and non-volatile impurities in each chemical
precursor must be removed. However, purifying certain chemical precursors, namely ‘Ge’, ‘Ga’
and RE metal, can be challenging due to their low volatility at temperatures below 1000 °C. The

following are some alternate purification methods which could be employed in future work:

Purification of RE metal precursors:

Electrolysis has been demonstrated as a viable method for the bulk purification of actinides [199],
thus this concept should be applicable to the purification of lanthanides. Electrolysis of a
lanthanide selenide could purify the desirable RE cation by separating it from the unwanted
anionic extrinsic impurities. A chalcogen salt was suggested because of the presence of the
chalcogen element in the glass composition. Additionally, the amount of RE3* cations within the
electrolyte could be measured to a high degree of accuracy by evaluating the current flowing

during electrolysis.

Reflux distillation of chalcogenide glass inclusive of non-volatile constituents:

Reflux distillation potentially allows for the purification of each constituent of the glass
composition. Figure 6-1 illustrates a very simplified ‘A-shaped’ distillation rig that could

potentially be used for reflux distillation. By controlling the heating schedule of the different
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temperature zones, the host glass constituents could be repeatedly distilled between two
locations while passing through a non-evaporating chemical getter such as ‘Mg’, ‘Al’ or ‘La’
(lanthanum). The low volatility of the ‘Ga’ and RE dopant chemical precursors could be beneficial
to their purification in a reflux-distillation system. These elements could conceivably be purified

by repeated rinsing/dissolved in molten purified chalcogenide glass. This would cause a small

proportion of the oxide and hydride impurities in these precursor chemicals to be leached into
the chalcogenide glass melt. The impurities, now contained in the glass melt, could then be
separated via distillation and/or sequestered via chemical getters or removed by a vacuum
system. This process could conceivably be achieved either within a sealed vessel (as shown in
Figure 6-1), or under continuous/dynamic vacuum with some modifications to the presented
design. Furthermore, refractory impurities such as ‘C’ could be made volatile with the inclusion
of trace amounts of ‘S’ to form the volatile CS; gas which could be removed during a ‘bake-out’

under continuous/dynamic vacuum.
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Figure 6-1: Showing a simplified illustrations of a proposed ‘A-shaped’ distillation rig with the chalcogenide
glass being distilled between the different temperature zones. Note, distillation is intended to occur while
the configuration is in a vertical orientation.
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6.1.2 Fabrication of chalcogenide glass:
The presence of striae and holes in most of the SIFs, and the glass rod evaluated in Section 3.2
indicated room for improvement. The following are some ways in which these issues can be

addressed:

Improvements to multi-stage quenching process:

Optimising the heating schedule during glass production, especially during the glass quenching
process, could minimise the formation of compositional inhomogeneities. The current quenching
methodology for the ‘3-stage quenching’ process (see Section 7.1.5.2) relies heavily on timing
and temperature schedules based on past glass quenching operations for ampoules containing
glass of similar mass and composition. Unfortunately, this methodology ostensibly affords
opportunities for the formation of voids, and compositional inhomogeneities within the resulting
bulk chalcogenide glass. Additionally, the true temperature of the melt/quench ampoule, during
each stage of the ‘3-stage’ quenching operation, is poorly defined and subject to a variety of
factors. These issues could potentially be alleviated by optimising the temperature and duration
of each stage of the quench. This could be done by evaluating the internal dynamics of the
chalcogenide glass during the quenching operation with NIR imaging of the molten glass.
However, this evaluation requires that the quenching medium be transparent to allow an
unobstructed view of the melt/quench ampoule and its contents during each stage of quenching.
Additionally, the temperature at each stage of quenching could be better controlled by using a
new quenching medium. Ideally, the desirable properties of an alternate quenching

medium/media are:
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i.  Boiling point above 700 °C.

ii. High specific heat capacity (greater than air), to prevent significant changes in
temperature of the quenching medium during quench. Thus, ensuring a well-defined
quenching temperature.

iii.  High thermal conductivity, greater than air, to ensure good heat transfer during each
guenching stage.

Potential candidates for a quenching medium could include low melting temperature inorganic
salts and molten white sugar. When compared to air as a quenching medium these items can
have high boiling points, high specific heat capacity, and good thermal conductivity [200—202].

Additionally, some of these potential candidates can also be ‘relatively’ safe to handle.

Glass compositions:

Hydride impurities are unlikely to be completely eliminated from the chalcogenide glass despite
stringent purification techniques. The [-Se-H] extrinsic impurity exhibits a 3.9 to 5.5 um
vibrational absorption peaking at 4.5 um (see Figure 3-33 (b)). The PL emission bands from the
Ce®*, Pr3*, Tb3*, and Dy3* cations each completely overlapped the [-Se-H] extrinsic vibrational
absorption within the ~4.5 um spectral region. Conversely, the [-S-H] extrinsic impurity exhibits
a 3.9 to ~4.4 um vibrational absorption peaking at 4.1 um (see Figure 3-11). Additionally, it has
been observed that the presence of ‘S’ in the glass composition significantly reduces the [-Se-H]
absorption, because the hydride impurities preferentially associated with the ‘S’ rather than ‘Se’.

Thus, very small amounts of ‘S’ could be added to a glass composition to shift [-Se-H] absorption
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to the ostensibly less critical [-S-H] absorption. This could be especially beneficial for lasing within

the 4.5 um spectral region for the Ce3*, Pr3*, Tb3*, and Dy3* cations.

Plasma etching:

Implementing new stringent surface cleaning procedures for the glass after its exposure to
contaminants such as laboratory atmosphere and liquid chemicals. Cleaning after each stage of
fabrication would minimise the presence of volatile impurities. Material can be removed from
the surface of an object via bombardment from a plasma source, this ‘dry-etching’ processing
can be used for removing organic contaminants on surfaces without the use of liquids. Thus,
plasma etching could be employed as the last step in the surface preparation of bulk chalcogenide
glass and the items they encounter, prior to its fabrication into optical components and fibre.
Additionally, this could also prove useful as the final cleaning stage for the surface of silica

glassware, metal utensils and metallic precursors such as RE foil and ‘Al’ wire.

6.2 Characterisation of chalcogenide glasses and RE dopants:

The PL emission measurements presented throughout Section 4.2 focused on PL emissions in the
MIR spectral region, however due to the influence of ESA many of the RE3* dopants evaluated
would also benefit from NIR measurements at wavelengths shorter than the pump wavelength.
Additionally, temperature-controlled PL emission spectra and PL emission lifetime
measurements, at sub-ambient and above ambient temperatures could give insight into the

thermal dynamics of the RE3* dopants during excitation.
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The ESA measurement results presented in this thesis (see Section 4.2) show the dynamics of
transitions occurring between different energy manifolds within RE cations. However, the ESA
equipment configuration shown in Figure 4-2 imposed spectral limitations due to optical
components used, specifically the dichroic mirror, item 4, in Figure 4-2. This item prevented ESA
measurements at the pump wavelength or wavelength shorter than the pump wavelength.
Improvements to the ESA equipment configuration could be made by implementing either of the
following:

» A ‘co-propagating’ equipment configuration for the pump and probe sources, like that
shown in Figure 4-14. This configuration would enable the evaluation of latent ESA over
a range of wavelengths, inclusive of the pump wavelength, and could be used to analyse
small core SIF samples. Additionally, it would allow the position of ‘zero-change’ points
(see Section 4.1.2.2) for different sample lengths to be evaluated via a ‘cut-back’ of the
sample. These zero-change points could potentially provide insight into the absorption
cross-section, of the excited state transition.

» Orthogonal pump and probe beams, like that illustrated in Figure 6-2. Wherein, both the
pump and probe sources are launched orthogonally to one another into a polished bulk
cuboid sample. This would allow evaluation of latent ESA over a very wide measurement
window (~1 to 25 um). Additionally, this configuration could be made amenable to
measurements at cryogenic temperatures using a ‘cold plate’, by modifying the sample
holder (item 9 in Figure 6-2). Several RE3* dopants exhibit very broad energy manifolds a

wide ESA measurement window could enable the evaluation of intra-manifold transitions.
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Both suggested equipment configurations above, would enable the evaluation of absorptions at
the pump wavelength, thus revealing more of the transitions occurring. Furthermore, they could

be used to investigate implementing an all-optical VOA (variable optical attenuator).
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Figure 6-2: lllustration of proposed equipment configuration for ESA measurement employing polished
bulk RE3* doped chalcogenide sample.

6.3 MIR fibre lasers:
Optimisations to the glass production and SIF fabrication processes would allow for
improvements to laser performance and vyield greater efficiency by decreasing optical

attenuation of the host glass, along with a reduction/elimination of defects and tailoring of NA.
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In addition to this, the equipment configuration used for the optical cavity could be optimised in

the following ways:

Improvements to the spectral resolution of the measurement system. This could possibly
be done with the use of either an FTIR or a MIR optical spectrum analyser to evaluate
optical cavity emissions.

Employing a traditional optical cavity equipment configuration (see Figure 2-4) using
FBGs. Using FBGs would simplify the equipment configuration, enabling greater
compactness, efficiency, and reliability while avoiding many of the alignment issues
encountered with discrete mirrors, inclusive of being insensitive to mechanical
disturbances. This configuration could then be employed to properly characterise laser
output for slope efficiency, beam profile, and wavelength tunability, while allowing power
scaling experiments.

A more cost-effective excitation scheme could be employed to excite the Ce3* cation,
possibly employing a PL from another RE cation similar to [174]. For example, the Dy3*
cation can be efficiently pumped with a relatively low cost 1.3 um or 1.7 um laser PL from,
which would result in PL emissions spanning 3.80 to 6.00 um, which completely overlaps
the Ce3* GSA. Thus, the Dy** PL can effectively excite the Ce3* cation or via cladding

pumping using PL from another RE cation.

Importantly, each of these suggestions could also be applied towards the development of MIR

fibre lasers, operating at wavelengths greater than 7 um, using either the Tbh3* or Dy3* cations.
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7 Appendix:

The procedures in Sections 7.1 and 7.2 were either previously developed within the Mid-Infrared
Photonics Group, George Green Institute for Electromagnetics Research, at the University of
Nottingham or found in literature. Section 7.3 presents an equipment configuration coding

system developed by the author.

7.1 Synthesis and production of chalcogenide glass:
The Sections present the procedures used to produce either undistilled or distilled, undoped or

RE cation doped bulk chalcogenide glass using the ‘melt-quench’ technique.

7.1.1 Silica glassware preparation:

Silica glassware was selected and sequentially rinsed with acetone, isopropanol (see Table 7-3),
and distilled water. The inside of the glassware was then etched with 40 % by volume aqueous
hydrofluoric acid for 5 minutes to remove surface roughness then thoroughly rinsed with distilled
water. The glassware was then subjected to a ‘Bake-Out’ under standard atmosphere (~101 kPa)
to remove any carbonaceous residue. Figure 7-1 along with Table 7-1 and Table 7-2 show the
heating schedule applied to commonly used glassware. Glassware intended as the melt/quench
vessel, used in Appendix 7.1.2 was then further vacuum baked at ~0.92 Pa to accelerate
outgassing of physically or chemically adsorbed water from its interior surfaces. The interior of
this vacuum baked glassware was kept under vacuum until needed. Note after each of these
stages the glassware was visually inspected for physical imperfections that could cause a

catastrophic failure at later stages in the glass making process.
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Figure 7-1: Heating schedule for ‘bake out’ applied to 10/14, 15/18 & 26.5/30 silica glass ampoules
(blue line) and custom-made silica distillation rig (orange dotted line). Note, the peak temperature for
the silica distillation rig heating schedule, was lower than the silica glassware, solely due to the
constraints of safely connecting a vacuum system to the distillation rig, which was a long, delicate,
and unwieldy item.

Table 7-1: Heating schedule for 10/14, 15/18 & Table 7-2: Heating schedule for silica glass
26.5/30 silica glass ampoules:

distillation rig:

2 | Program Initial | Target Rate Time / 2 | Program Initial | Target Rate Time /
g instruction temp | temp °C/hrs hrs % instruction temp | temp °C/hrs hrs
/°C /°C /°C /°C

1. Step ~20 20 0 0 1. Step ~20 20 0 0
2. Ramp 20 1000 200 4.9 2. Ramp 20 900 200 4.4
3. Dwell 1000 | 1000 0 6 3. Dwell 900 900 0 6
4. Ramp 1000 70 200 4.65 4. Ramp 900 70 200 4.15
5. Dwell 70 70 0 - 5. Dwell 70 70 0 -
6. End 6. End

7.1.2  Purification of precursor materials:

Chemical precursors were purchased at the highest available purity and stored under a dry

nitrogen atmosphere inside a glovebox (MBraun, MB 150B-G < 0.6 ppm H0, and < 0.3 ppm O5).

Table 7-3 lists the specifications of the chemicals and equipment frequently referenced

throughout the thesis. Precursors were then further purified before being used. This was done

to minimise unwanted impurities present in the precursors during their refining/manufacture, or

impurities accumulated during their transport and subsequent storage.
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Table 7-3: Nominal specifications of chemical precursors used throughout Chapter 3.

Chemical Description Nom.| el Manufacturer Model #
purity
As (arsenic) 1-4 mm pieces 7N5 Furukawa 120354
Ge (germanium) 3-6 mm pieces 5N Materion 122954
Se (selenium) 3 mm shot 7N5 Materion 123220
Ga (gallium) liquid 7N Alfa Aesar 10186
S (sulfur) 3-6 mm pieces 5N Alfa Aesar S-1037
Sb (antimony) 1-4 mm pieces 6N Materion 122718
TeCls (tellurium tetrachloride) anhydrous powder 3N Alfa Aesar 12284
Al (aluminium) 1 mm outer diameter wire 5N Alfa Aesar 10747
Ce (cerium) 0.25 mm thick foil 3N Alfa Aesar 12377
Pr (praseodymium) 0.25 mm thick foil 2N Alfa Aesar 10305
Sm (samarium) 0.1 mm thick foil 3N Alfa Aesar 12421
Tb (terbium) 0.25 mm thick foil 3N Alfa Aesar 12429
Dy (dysprosium) 0.25 mm thick foil 3N Alfa Aesar 12381
Acetone Liquid Puriss UN1090
Isopropanol Liquid P/7507/PB17 Fisher Scientific 10641203
N2 (nitrogen) Gas BOC UN1066
02 (oxygen) Gas BOC UN1072
Propane Gas BOC UN1978
Propylamine Liquid = 99 % propylamine ACROS Organics
Table 7-4: Specifications for laboratory consumables used throughout Chapter 3:
Item Description Usage Manufacturer
< 0.1 ppm OH, silica ampoule
10/14 with a Purification ampoule and/or melt/quench ampoule. Multilab
10 mm ID and 14 mm OD
< 0.1 ppm OH, silica ampoule
26.5/30 with a Purification ampoule and/or melt/quench ampoule. Multilab
26.5 mm ID and 30 mm OD
Silica tube with a Sacrificial tubing used to collect impurities and .
79 7 mm ID and 9 mm OD condensed distﬁlate. ’ Multilab
e . <.O'1 ppm OH, custom silica Used for the vacuum distillation of previously made .
Distillation rig rig undoped chalcogenide glass. Multilab
See Figure 7-9
Weigh boats 85 mL Polystyrene Use.d. for. portioning of material in batching and Fisherbrand
purification process.
Lens tissue Optical lens tissue, 114 x Cleaning of delicate components PELCO®
127mm
Plastic pipette E>.(tended fine tip transfer Used for the purification of ‘Ga’ metal. Thermo Scientific™
pipette 3.3 mL Samco™
Uninsulated Ni80 nichrome Used to manipulate and handle hot ampoules during .
Nichrome wire resistance wire with an outer | quenching and to produce custom heating coils for the Crazy Wire Company
diameter of 0.45 mm. distillation rig. (Kanthal)
Aluminosilicate Superwool™ 607™ Blanket Ir"nsu'latif)n fqr the melting/rocking furnace and the Ceramo
blanket distillation rig.
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All batching was carried out under a dry nitrogen atmosphere, inside a glovebox. Separate
laboratory utensils (metal tweezers, spatulas, scissors, etc.) were used for each specific precursor
to prevent cross contamination.

The following sections describe the techniques employed in the purification of the chemical
precursors used in the production of chalcogenide glass. These techniques include ‘Bake-out’ (see

Section 7.1.2.1) and physically separation (see Sections 7.1.2.3 and 7.1.2.4).

7.1.2.1 Chalcogens and pnictogens ‘bake-out’:

Chalcogens and pnictogens were purified using a ‘bake-out’, Figure 7-2 shows an illustration of
the equipment configuration used for this process. The precursor material was batched into
prepared silica ampoules while in a glovebox. The weight of chemical precursor being purified
dictated the type/size of silica glass ampoule used. A sacrificial 7/9 silica tube was sometimes
inserted into the ampoule to prevent the accumulation of loosely adhering impurities and
condensed distillate on the cooler 10/14 upper portion of the silica glass ampoule during
purification, as illustrated in Figure 7-2 (a). A valve was then attached to the ampoule and then
closed. The sealed, dry N; filled, ampoule was then moved outside of the glovebox, into a fume
hood and connected to a vacuum system. The valve was then opened, and the ampoule
evacuated to a pressure of ~0.92 Pa. The ampoule was then inserted into a tube furnace, as
illustrated in Figure 7-2 (a) and (b) and a heating schedule was applied while under continuous

vacuum, as illustrated in Figure 7-3 and Table 7-5 to Table 7-8.
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Figure 7-2: Showing illustration of equipment configurations for ‘bake-out’ (a) with 7/9 shield tube inside
10/14 ampoule, (b) 10/14 ampoule without shield tube, along with the equipment configuration used with
the 26.5/30 ampoule for: (c) vertical cooling, and (d) slanted cooling.
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Table 7-5: Heating schedule for ‘S’ precursor Table 7-6: Heating schedule for ‘As’ precursor

purification: purification:

§ ) Progra.m Itr;';:l 1;2:5? Rate Time § . Program Itr::‘:: 'I;ae;g‘t:)t Rate Time
& | instruction /°C /o °C/hrs /hrs & | instruction /ec /o °C/hrs /hrs
1. Step ~20 20 0 0.00 1. Step ~20 20 0 0.00
2. Ramp 20 140 200 0.60 2. Ramp 20 200 200 0.90
3. Dwell 140 140 0 0.50 3. Ramp 200 260 100 0.60
4. Ramp 140 30 300 0.37 4. Dwell 260 260 0 0.50
5. End 5. Ramp 260 310 100 0.50
6. Dwell 310 310 0 1.50
7. Ramp 310 30 300 0.93

8. End

Table 7-7: Heating schedule for ‘Se’ precursor

Table 7-8: Heating schedule for ‘Sb’ precursor

purification: purification:

o Program Initial | Target Rate Time o Program Initial | Target Rate Time
% instruction temp | temp °C/hrs /hrs % instruction temp | temp °C/hrs /hrs
/oc /oc /oc /oc
1. Step ~20 20 0 0.00 1. Step ~20 20 0 0.00
2. Ramp 20 210 200 0.95 2. Ramp 20 500 250 1.92
3. Ramp 210 260 100 0.50 3. Dwell 500 500 0 0.10
4. Dwell 260 260 0 2.00 4. Ramp 500 570 100 0.70
5. Ramp 260 30 300 0.77 5. Dwell 570 570 0 3.00
6. End 6. Dwell 570 30 300 1.80

7. End
600 ---@--- 'S' temperature
'As' temperature
500
'Se' temperature
furnace
400 removed T o
furnace Sb' temperature
o i removed
S 300
§ furnace
CE’- 200 removed
= o ----a i T
100 ‘\\ furnace
\\ removed
[ J
0
0 1 2 3 4 5 6 7 8

Time / hrs
Figure 7-3: Individual heating schedules used for 'S', 'As’, 'Se' and 'Sb' precursor purification. Note,
‘furnace removed’ refers to the silica glass ampoule being removed from the furnace, see Figure 7-2 (c)
and (d).
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Upon completion of the heating schedule the ampoule was allowed to cool in either a vertical or
slanted orientation (Figure 7-2 (d)). This was done to prevent any thermal contraction of the
contents of the ampoule from damaging the ampoule wall. The valve was then either closed, or
the ampoule was sealed with an oxy-propane torch (see decision flowchart in Figure 7-4). The
outer surface of the silica ampoule was wiped to remove any thermal blanket material. The cool,
clean ampoule and its purified contents were then returned to the glovebox, whilst still under
vacuum, for batching (see Appendix 7.1.4). The 7/9 silica tube, if used, was discarded to prevent
this accumulated material from being reintroduced into the purified precursor and/or hamper

with the accurate weighing of the purified precursor and any ampoule sealing.

7.1.2.1.1 Purification of pnictogens:

Pnictogens; ‘As’ or ‘Sb’ (see Table 7-3) were individually subjected to a ‘bake-out’ below their
melting or sublimation point, while under continuous vacuum, as illustrated in Figure 7-2 (a) or
(b). Table 7-6 and Table 7-8 show the individual heating schedule used to purify the ‘As’ and ‘Sb’
precursors, respectively. Pnictogens were not purified in the melt/quench ampoule, because
after purification they could easily be removed from the ampoule and accurately re-batched. The
‘As’ precursor was purified without a 7/9 glass silica shield tube, as illustrated in Figure 7-2 (b),
thus impurities and ‘As’ distillate condensed and adhered as a silvery black and splotchy white,
thin film onto the cool upper section of the inner silica ampoule wall. Conversely, the ‘Sb’
precursor was typically purified with a 7/9 shield tube, as illustrated in Figure 7-2 (a), thus
impurities and ‘Sb’ distillate condensed as small, silvery, flakes, loosely adhered to the cool

portion of the 7/9 tube, along its inner wall. Upon completion of the bake-out, the valve was
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closed, and the cooled, purified pnictogen at the bottom of the ampoule was returned to the

glovebox whilst still under vacuum and opened to be used in the batching process.

7.1.2.1.2 Purification of chalcogens:

Chalcogens; ‘S" and ‘Se’ (see Table 7-3) were individually heated above their melting points while
under continuous vacuum in a silica glass ampoule, as illustrated in Figure 7-2(a) or (b). Table 7-5
and Table 7-7 show the individual heating schedules used to purify the ‘S’ and ‘Se’ precursors,
respectively. Additionally, Figure 7-4 shows a flowchart used for the purification of ‘S’ or ‘Se’
precursors.

Purification of chalcogens resulted in a solidified mass, which often adhered to the ampoule inner
wall, especially with the ‘S’ precursor. Consequently, at least one chalcogen in the glass
composition was always purified in the ‘melt/quench ampoule’ to avoid removing this solidified
mass. Thus, the ‘S’ precursor was purified in the ‘melt/quench ampoule for glass compositions
which contained both ‘S’ and ‘Se’, while the ‘Se’ precursor was purified in a sacrificial ampoule.
Conversely, the ‘Se’ precursor was purified in the ‘melt/quench ampoule for glass compositions
which did not contain ‘S’. Additionally, for ‘Se’ purifications weighing more than 40 g, a ’slanted
guench’, as illustrated in Figure 7-2 (d), was employed to allow the purified ‘Se’ to cool to avoid
structural failure of the ampoule due to contraction and/or expansion of its contents. The weight
of the empty melt/quench ampoule ‘Wempt,” was recorded before batching or purification, this

was necessary to calculate the weight of the remaining solidified chalcogen after purification.
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+ Start

Rough portioning of chalcogen,
either sulfur or selenium, into
weigh boat inside glovebo

Is stflfur cu.rr'ently No > czr(':'nepsogsliiiscfn Yes
being purified? contain sulfur?
Yes
<
\ 4
1. Weigh empty ‘melt/quench’ ampoule. v
2. Batch chalcogen into ‘melt/quench’ . T
ampoule. Batch ‘Se’ mtt? sacrificial ampoule.
3. Install 7/9 shield tube (See Figure Note, no _Sh'eld tube used (See
7-2(a)). Figure 7-2(b)).
> <
\ 4
1.  Attach valve to ampoule.
2. Close valve.
3. Move ampoule into fume cupboard.
4.  Attach vacuum pump to valve.
5. Open valve (evacuate ampoule).
6. Position ampoule inside tube furnace.
7. Apply heating schedule (See Figure 7-3).
8. Remove tube furnace.
No Is weight of batched Yes
+ chalcogen greater +
than 40 g?
Allow ampoule Allow ampoule contents to
contents to cool cool slanted (See Figure
vertically. 7-2(d))
> l <
Yes Did purification occur No
in melt/quench
ampoule?
\ 4 \ 4
1. Close valve. Clean outside of ampoule.
2. Clean outside of ampoule. Seal ampoule with oxy-propane torch (see Appendix 7.1.4.1).
3. Disconnect vacuum system. Close valve.
4, Return ampoule to glovebox. Apply acetone quench.
5. Open valve. Apply opening procedure described in Appendix 7.1.3.
6. Remove valve from ampoule. Return ampoule to glovebox.
7. Discard 7/9 shield tube.
> < |

Figure 7-4: Flowchart illustrating the purification steps of either sulfur or selenium precursor.
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The final weight of the purified chalcogen in the melt/quench ampoule dictated the weight of
each of the other glass constituents added in the precision batching process described in
Appendix 7.1.4.

Chalcogen purification occurring in the ‘melt/quench’ ampoule was always done with a 7/9 silica
shield tube, as illustrated in Figure 7-2(a). Conversely, a 7/9 silica shield tube was not used during
the purification of chalcogens in a sacrificial ampoule, as these ampoules were sealed with an
oxy-propane torch upon completion of the purification process.

Oxy-propane sealing was done on sacrificial ampoules to remove the valve and O-rings (see
Figure 7-2 (d)), both of which could be compromised during the opening process described in
Section 7.1.3 and contaminate the contents of the ampoule and glovebox. The ‘Se’ chemical,
after being purified in a sacrificial ampoule, was then detached from the ampoule inner wall using
an ‘acetone quench’: wherein, acetone was slowly streamed over the outer surface of the
ampoule, while its contents were still under vacuum, reducing its temperature via evaporation,
causing the solidified contents of the ampoule to contract inward away from the ampoule inner
wall. The opening process, described in Section 7.1.3, was then carried out and the purified ‘S’ or

‘Se’ were returned to the glovebox.

7.1.2.2 Challenges of germanium purification:
The metalloid ‘Ge’ was the only precursor material that was not purified. This was due to its high
melting temperature (see Table 2-3), along with the relatively low volatility of the ‘Ge’ and Ge-

oxides at temperatures below 1000 °C [84,203]. Note, 1000 °C was the maximum continuous
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admissible temperature of the silica glassware used. Note, the glass transition of SiO; is ~ 1050

°C [48]. Thus, ‘Ge’ with a 5N purity (see Table 7-3) was purchased and subsequently batched.

7.1.2.3 Surface purification of gallium:

The low vapour pressure of the element ‘Ga’ precluded heat treatment as a purification step (see
Table 2-3). Thus, the metal ‘Ga’ (see Table 7-3) was purified inside the glovebox by physically
separating its surface impurities. The metal was initially melted using a homemade low power
electric resistance heater. The liquid metal was then poured into a disposable antistatic weighing
boat. A disposable plastic pipette was inserted into the liquid ‘Ga’ to extract the silvery and
lustrous liquid from the centre of the puddle, while separating the dull surface liquid. The
contents of the plastic pipette were transferred to a new weighing boat and this process was

then repeated 3-4 times before the 'Ga’ was ready to be batched.

7.1.2.4 Surface purification of rare earth foils:

For the presented work all the lanthanide precursors were in the form of metal foils typically
having a dull surface. Purification of these rare-earth foils entailed mechanical removal of surface
contaminants while inside the glovebox. In this mechanical removal process a piece of the metal
foil was cut and then scratched with a shard of ‘Ge’ in a cross hatched pattern to remove surface
impurities until it appeared lustrous. ‘Ge’ was used because of its hardness and presence in the
glass composition. Thus, the ‘Ge’ was considered an acceptable contaminant. Additionally, this
surface scraping purification procedure was also applied to the ‘Al’ metal used in the vacuum

distillation process (see Appendix 7.1.6).
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7.1.3 Opening vacuum sealed ampoules:

The opening process for sealed ampoules entailed weakening the other surface of the silica
ampoule and snapping the ampoule open in a controlled manner. This was done by either scoring
the surface, or making a series of shallow cuts, around 0.25 mm deep in the outer diameter of
the silica ampoule, using an oil lubricated diamond saw (Buehler, IsoMet equipped with a Leco
diamond blade). Scoring and cutting always occurred outside the glove box to avoid generating
extraneous silica dust inside the glovebox. The outer surface of the ampoule was then carefully
cleaned, and it was then returned to the glovebox to be cracked open under a dry N; atmosphere.
These ampoules would often suck silica dust and shards into the content of the ampoule when
cracked open due to them initially being under vacuum. Thus, the silica shards were manually
removed, while most of the silica dust was removed with a vacuum cleaner (MBraun) installed

inside the glovebox.

7.1.4 Precision batching:

The constituents of the chalcogenide glass melt were weighed and batched into either a
melt/quench silica glass ampoule or distillation rig, while under a dry nitrogen atmosphere, inside
a glovebox. Each constituent to be added was initially portioned into disposable weigh-boats,
while being weighed using a digital balance (Sartorius, BP221S).

For a typical glass melt the final weight of the purified chalcogen, either ‘S’, or ‘Se’, solidified in
the melt/quench ampoule was calculated by subtracting the gross weight of the melt/quench

ampoule containing the purified chalcogen, ‘Wyui’ from its initial empty weight ‘Wempty'.
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Wrui — Wempty = Weight of purified chalcogen Equation 7-1

Using the desired nominal atomic % composition of the final glass, and the weight of the purified,

solidified chalcogen in the melt/quench ampoule, the target weight for each of the other

constituents to be added to the melt/quench ampoule was calculated. This calculation was done

using a custom-made application called ‘Batch’ written by Dr David Furniss.

Each precursor was initially batched into a disposable weigh-boat according to the batching

procedure in Table 7-9, then carefully transferred into the melt/quench ampoule or distillation

rig using the procedure illustrated in Figure 7-5. After batching was completed, a valve was

attached to the ampoule (see Figure 7-2 (b)) or distillation rig (see Figure 7-9) and closed.

(a)
Ampoule
opening ® S
%0g
<
Weigh boat
L J
L J
L J

(b)

Stainless
steel spoon

Ampoule
opening

Figure 7-5: lllustration of batching procedure prior to melting a chalcogenide glass for; (a) solid chunks,

and (b) powder and droplets.
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Table 7-9: List of procedures used for batching purified precursors from Table 7-3 into melt/quench vessel.

Batching
Precursor precision / Batching procedure
* mg
Purified precursor chunks were placed into a disposable weigh-boat and
‘As’ chunks 10 carefully swirled around for a few seconds to allow any fine powder of

flakes to electrostatically adhere to the inner surface of the weigh-boat.
The larger chunks were poured into a new weigh-boat, and this process

was repeated until there was little to no dust between the chunks. The
‘Sb’ chunks 1.0 chunks of precursor were then portioned into a new weigh-boat to a

precision of £ 1 mg. These chunks were then carefully transferred
directly into the melt/quench ampoule or distillation rig using the

‘Ge’ chunks 1.0 ; ) ) -
weigh-boats as a pouring funnel/spout, as illustrated in Figure 7-5 (a).

‘Se’ purified in a sacrificial ampoule (Appendix 7.1.2.1.2) or previously
made chalcogenide glass was firstly removed from the ampoule and
‘Se’ chunks 1.0 broken into chunks with an agate mortar and pestle (Fisher). Any dust
adhering to the chunks of ‘Se’ or chalcogenide glass were separated

using the procedure described above. These chunks were then carefully
transferred directly into the melt/quench ampoule or distillation rig
1.0 using the weigh-boats as a pouring funnel/spout, as illustrated in Figure
7-5 (a).

Chalcogenide
glass chunks

Constituents of the glass in the form of droplets and powder were
carefully batched into separate weigh-boats to a precision of £ 1 mg.
‘Ga’ droplets 1.0 These precursors were transferred to the melt/quench vessel using a
long stainless-steel spoon. Care was taken to deposit these items
towards the bottom of the ampoule to prevent them from adhering to
the inner wall of the ampoule in the upper regions where oxy propane

TeCls powder ~1.0 sealing occurred, as illustrated in Figure 7-5 (b).

‘Al wire 1.0

‘Ce’ foil 0.3

‘Pr foil 0.3 Purified metals were initially batched into a weigh-boat to the specified
. precision. These pieces of metal were then carefully transferred to the
Sm’ foil 0.3 melt/quench vessel using stainless-steel tweezers.

Tb’ foil 0.3

‘Dy’ foil 0.3

Note, the precursor sulfur was not included above because it was always purified inside the
melt/quench vessel, for glass compositions which contained it, where it adhered to the ampoule

inner wall.
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7.1.4.1 Oxy propane sealing of ampoule:

After batching the sealed, dry N; filled, ampoule was then moved outside of the glovebox, into a
fume hood, and connected to a vacuum system and evacuated to a pressure of ~0.92 Pa, (see
Figure 7-2 (b) or Figure 7-9) then sealed using an oxy-propane torch. The sealing time was kept
as short as possible (< 5 minutes) to minimise the dissociation of silica to silicon monoxide [204]

on the inner surface of the ampoule as described by the following reaction:

25i02 = 2Si0 + O3 (gas) Equation 7-2

7.1.5 Melting, quenching, and annealing:

Figure 7-6 shows a parts list and illustrates the equipment configuration used to subject the
melt/quench vessel to a melting and rocking schedule. In preparation for the melt/quench
process, oxy-propane sealed ampoules were partially wrapped in nichrome wire to aid with
handling and manipulation during the quenching process, as illustrated in Figure 7-6 (a). These
ampoules were then carefully inserted into the hot zone of a resistance, rocking furnace, and
surrounded with aluminosilicate blanket to promote uniform heating, as illustrated in Figure 7-6
(b) and (c). Ampoules were then subjected to a simultaneous heating and rocking schedule (see
Appendix 7.1.5.1) followed by a multi-stage quenching process (see Appendix 7.1.5.2) and finally

an annealing stage (see Appendix 7.1.5.3).
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7.1.5.1 Melting/rocking:

Melting and rocking schedules were applied to the melt/quench vessel and its content. The
heating and rocking schedules were specific to the glass composition being produced and was
comprised of several stages. Table 7-10 and Table 7-11 ,lists the heating and rocking schedules
applied to undoped and doped Se-based glass compositions, respectively, while Table 7-12 and
Table 7-13 listed the schedules applied to undoped and doped Sb-based glass compositions,
respectively.

The furnace was initially oriented in a horizontal configuration, see Figure 7-6 (a) with its rocking
action disabled, while the temperature was increased as per the heating schedule of the glass
composition (see program step 2 in Table 7-10 to Table 7-13). This stationary heating was done
to prevent any loose content from scratching the inner wall of the ampoule and allowed the
chalcogen(s) to melt. Upon reaching target temperature, the horizontal rocking action was
enabled using a 10 second interval between rocking motion, while the temperature was further
ramped as per the specific heating schedule of the glass composition (see program step 4 in Table
7-10 to Table 7-13). The horizontal orientation of the ampoule improved mixing by sloshing
molten materials from end to end during rocking, causing a washing action inside the ampoule
and encouraging the dissolution of the more refractory precursors.

Upon reaching a predefined setpoint temperature, depending on the glass composition (see
program step 5 in Table 7-10 to Table 7-13), the furnace temperature was dwelled for a period
ranging from 2 to 12 hours, while horizontally rocking. This temperature dwell was done to try to
ensure sufficient mixing and homogeneity of the molten glass. The furnace was then re-oriented

to a vertical rocking configuration, as illustrated in Figure 7-6(b), while the temperature dwelled
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for a 1-hour period (see program step 6 in Table 7-10 to Table 7-13). Vertical rocking was
employed to allow bubbles (fining) and less dense impurities (refining) to rise to the surface of
the molten glass. The rocking was then disabled, and the ampoule cooled to 700 °C (see program

steps 7 to 8 in Table 7-10 to Table 7-13).

(a)

Uninsulated Ni80 nichrome resistance wire with an outer
diameter of 0.45 mm wrapped around ampoule.

Oxy-propane sealed
end of ampoule

(b) Horizontal rocking (c) Vertical r.ockinfg, furnace
furnace orientation Fume orientation
extraction - Ill/é zljztllt::
z
E Nichrome wire
s around mpoul
e S 7

ampoule Sealed,

Aluminosilicate
blanket

Nichrome wire insulation

loop wrapped
around ampoule

evacuated
ampoule

Aluminosilicate
blanket
insulation

Fume
extraction

k g
z
T

Molten glass

Flexible
ducting

Not to scale!

Rocking furnace (TF105/4.5/1ZF, tube ID 86 mm) mounted on homemade
platform and operated with temperature controller (Instron, Eurotherm 2408
controller equipped with Type-K thermocouple).

Figure 7-6: (a) Image of wire wrapping attached to ampoule prior to melting, (b) cross-sectional illustration
of horizontal rocking furnace configuration and (c) cross-sectional illustration of vertical rocking furnace
orientation.
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—0— Ge-Ga-As-Se & Ge-Ga-As-Se-S glass

Ge-Ga-As-Se & Ge-Ga-As-Se-S glass with RE3* dopant

Ge-Ga-Sb-Se glass

Ge-Ga-Sb-Se glass with RE** dopant
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Figure 7-7: Individual heating schedules for melting and homogenisation of (Ge-Ga-As-Se), (Ge-Ga-As-Se-
S), and (Ge-Ga-Sb-Se) glass compositions with and without RE** dopant.

Table 7-10: Heating schedule used for Ge-Ga-As-Se, & Ge-Ga-

30

35

40

45

Table 7-11: Heating schedule used for Ge-Ga-As-Se, & Ge-Ga-
As-Se-S glass compositions with RE3* dopant:

As-Se-S glass compositions:
o o (8] c —

c ol © = & o ® ..9.. o o c o Jul £ £ = -0 4 g @ o Y c 3%
g% Beiff| PEl{ZS| BE | Eog |Eof5||| w8 E2cE%| P2 85| 8L | EE | E5s
& El & Eg| 88| Y| 3| & g | & ©°* £ E2|fE|Fs| =7 37 2 E 25
1. Step 20 20 0 0 stationary horizontal 1. Step 20 20 0 0 stationary horizontal
2. Ramp 20 450 40 10.75 stationary horizontal 2. Ramp 20 450 40 10.75 stationary horizontal
3. Dwell 450 450 0 0 stationary horizontal 3. Dwell 450 450 0 0 stationary horizontal
4. Ramp 450 850 40 10 rocking horizontal 4, Ramp 450 850 40 10 rocking horizontal
5. Dwell | 850 | 850 0 12 rocking horizontal 5. Dwell 850 | 850 0 2 rocking horizontal
6. Dwell 850 850 0 1 rocking vertical 6. Dwell 850 850 0 1 rocking vertical
7. Ramp | 850 700 50 3 stationary vertical 7. Ramp 850 700 50 3 stationary vertical
8. Dwell | 700 | 700 | O 1 stationary |  vertical 8. Dwell | 700 | 700 | O 1 stationary vertical
9. End stationary vertical 9. End stationary vertical

Table 7-12: Heating schedule used for Ge-Ga-Sb-Se glass | Table 7-13: Heating schedule used for Ge-Ga-Sb-Se glass

compositions with RE** dopant:

compositions:

gng.‘% Tgi ‘Gg o £ .§v, §§ §.:;: gg_ g.‘g T_vi ‘ag o £ é"’ §§ §§

g% 2|22 58|85 ££| £8 | £85 §% ¥:1Z8| 58| 85| E£ | g% | £§°
€ | &g| g/ ~g| | & 2 E 25 s |« | eg|"g| |8 2 E 25

1. Step 20 20 0 0.00 stationary horizontal 1. Step 20 20 0 0.00 stationary horizontal
2. Ramp 20 450 40 10.75 stationary horizontal 2. Ramp 20 450 40 10.75 stationary horizontal
3. Dwell 450 450 0 2.00 stationary horizontal 3. Dwell 450 450 0 2.00 stationary horizontal
4. Ramp 450 900 40 11.25 rocking horizontal 4. Ramp 450 900 40 11.25 rocking horizontal
5. Dwell 900 900 0 12.00 rocking horizontal 5. Dwell 900 900 0 2.00 rocking horizontal
6. Dwell 900 900 0 1.00 rocking vertical 6. Dwell 900 900 0 1.00 rocking vertical
7. Ramp 900 700 50 4.00 stationary vertical 7. Ramp 900 700 50 4.00 stationary vertical
8. Dwell 700 700 0 1.00 stationary vertical 8. Dwell 700 700 0 1.00 stationary vertical
9. End stationary vertical 9. End stationary vertical
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7.1.5.2 Quenching:

The quenching process entailed rapidly cooling the molten contents of the melt/quench ampoule

to form an amorphous solid. Firstly, the ampoule was removed from the rocking furnace at 700

°C and suspended from nichrome wire (see Figure 7-6 (a) or Figure 7-8 (b)) then subjected to an

air quench, immediately followed by a furnace quench and finally a nitrogen jet quench.

» Air_gquench: Immediately upon removal from the furnace, the 700 °C ampoule was
intentionally quenched in room temperature air (21 - 23 °C) for between a few seconds to 1
minute, depending on the glass composition and weight of chalcogenide glass (see Table
7-14). During this phase of the quench volatile constituents of the glass composition often
condensed on the cool upper portions of the inner wall of the ampoule as shown in Figure
7-8(b).

» Furnace gquench: Immediately following the air-quench, the ampoule was carefully placed

into a homemade tube resistance furnace, as illustrated in Figure 7-8 (a). The furnace
temperature was initially set to the glass ‘T¢". The tube furnace allowed the ampoule and its
contents to cool in a controlled manner preventing the temperature from falling below the
glass ‘Tg’. The ampoule was kept in the furnace for between a few seconds to 1 minute
depending on the mass and composition of the glass.

» Nitrogen jet: Immediately following the furnace quench, the silica ampoule was lifted from
the homemade tube resistance furnace while a gentle jet of room temperature N, gas was
directed at its surface to detach the chalcogenide glass from the inner wall in a controlled

manner, as illustrated in Figure 7-8 (a). The chalcogenide glass was progressively detached,
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starting from the top of the silica ampoule to the bottom, as quickly as possible to avoid

reducing the temperature of the glass rod below its ‘Tg’".

Table 7-14: Chalcogenide bulk glass quenching.

Air Furnace
Glass
. quench | quench
weight . .
o time time
/s /s
15 to
~ ~4
35 35 5
35to
45 45 55
60 to 75 to
>100 1 g4 100

(a) (b)

()

Cooled portion of preform
separated from ampoule wall . Se rich material
Contraction condensed during
air quench

cone

N2 jet

Hot zone of furnace
set to ‘T’ of glass.

Glass

Resistance tube
furnace

Chalcogenide
glass

Figure 7-8: (a) N, jet quench of silica ampoule process and (b) image of
silica after quenching process.

7.1.5.3 Annealing:

Immediately after quenching, the melt/quench silica ampoule containing the chalcogenide glass

was placed vertically into a stationary, electric resistance furnace (Instron, TF105/4.5/1ZF,

equipped with a type-K thermocouple and Eurotherm 2408 temperature controller) to anneal at

the glass ‘T¢’ for 1 hour before being allowed to slowly cool to room temperature. This annealing

step was a heat-treatment process to release stress from the glass by bringing it to thermal

equilibrium at the glass ‘T¢’, then very slowly decreasing the temperature.
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7.1.6  Vacuum distillation of undoped glass:

Undoped chalcogenide glass was purified via distillation, using the equipment configuration
shown in Figure 7-9. Wherein chalcogenide glass in the ‘charge chamber’ was distilled into the
‘distillation chamber’ at temperatures between 600 to 700 °C, while under continuous/dynamic
vacuum. Distillation was performed in a horizontal configuration, and the design of the
distillation rig used was based on [99]. Gettering agents were employed during distillation to
minimise impurities inadvertently incorporated into the chalcogenide glass during its synthesis.
'Al' metal was used to remove oxide impurities [205] while TeCls was used to remove hydride
impurities [93,98,100,101]. Oxide impurities reacted with ‘Al’ to form non-volatile Al,O3, which
was then separated from the glass melt through distillation. The TeCls getter reacted with hydride
impurities to form volatile HCI [100], which was released as a gas during the distillation process,

the following equation is an example of the reaction with the [-Se-H] impurity:

TeCly + 4[-Se-H] = 4HCligas) ™+ [-Te-](giass) + 4[-Se-](glass) Equation 7-3

The vacuum distillation process was applied to previously made undoped Ge-As-Se chalcogenide
glass cullet produced using the standard melt/quench technique, containing TeCls and without
‘Ga’. This chalcogenide glass was batched into the ‘Charge chamber’ of the distillation rig via the
‘charge chamber tube’, see Figure 7-9 (a), along with 1000 ppmw ‘Al metal. An end cap was
attached to the ‘charge chamber tube’ while a valve was affixed to the ‘Link 2’ tube of the

distillation rig, as illustrated in Figure 7-9 (a), the valve was then closed. The ‘charge chamber
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tube’ was then sealed, using the procedure described in Appendix 7.1.4.1 and illustrated in Figure
7-9 (b).

Heating coils, made from uninsulated nichrome wire were individually wrapped around sections
of the distillation rig to allow multi-zone temperature control during distillation as illustrated in
Figure 7-9 (c). Each custom heating-coil was connected to a DC power supply, (TENMA, dual
output DC bench power supply) and during the distillation its temperature was controlled by
manually adjusting the voltage and current supplied to the coil. At each subsequent stage of the
assembly of the equipment configuration, electrical continuity checks were performed between
the heating coils to detect and address any electrical short circuits.

Thermocouples (RS PRO, Type K Thermocouple) were carefully attached to the distillation rig to
monitor different temperature zones, as illustrated in Figure 7-9 (d). Ceramic tubes were used to
prevent the thermocouples from causing short-circuits in the custom heating coils. In the
presented equipment configuration eight temperature zones, namely, ‘Charge chamber 1,
‘Charge chamber 2’, ‘Link 1A’, ‘Link 1B’, ‘Coil’, ‘Distillate 1’, ‘Distillate 2’ and ‘Link 2’ were
monitored.

The ’Charge chamber’ on the distillation rig was positioned inside a clam-shell furnace to control
the ‘Charge chamber 1’ and ‘Charge chamber 2’ temperature zones, as illustrated in Figure 7-9(d).
The temperature for the ‘Link 1’ tube was controlled by the ‘Link 1A’, ‘Link 1B’, and ‘Coil’ custom
heating coils.

The temperature for the ‘distillate chamber’ was controlled by the ‘Coil’, ‘Distillate 1’, and
‘Distillate 2’ custom heating coils. The temperature for the ‘Link 2’ tube was controlled by the

‘Link 2" custom heating coil.
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Figure 7-9: Diagrams showing stages of assembly for silica glass distillation rig used for distillation of
undoped chalcogenide glass: (a) initial configuration of rig, (b) sealed rig, (c) heating coils connected to
rig, (d) type-K thermocouples and vacuum system connected to rig, and (e) sealed rig after distillation.
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The distillation rig was then covered with pieces of aluminosilicate thermal blanket to insulate
the rig during the distillation process while aiding temperature control of the heating coils. These
blanket sections were affixed such that they could be briefly removed to observe the distillation
progress without hampering the heating coils.

During the distillation procedure, the eight temperature zones were subjected to concurrent
heating schedules while under continuous vacuum. Upon completion of the distillation process
the distillation rig was allowed to cool to room temperature, the insulation, thermocouples, and
heating coils were then removed.

During the distillation process volatile impurities would condense onto the cool inner wall of the
‘Link 2’ section (see Figure 7-9 (e)), while the ‘Link 1" section tube would remain clear. Thus, the
distillation rig was flame sealed using an oxy-propane torch between the distillate chamber and
the link tube to form a melt/quench ampoule, as illustrated in Figure 7-9 (e). This sealed ampoule
was then subjected to the standard melt/quench procedure to homogenise the distilled glass

(see Appendix 7.1.5).

7.1.7 Polished bulk glass preparation:

Bulk glass samples were disc shaped pieces of glass cut from larger annealed glass rods, using an
oil lubricated diamond saw (Buehler, IsoMet equipped with a Leco diamond blade). After cutting,
the rough piece of glass was affixed to a polishing jig using paraffin wax, each side was then
ground and polished with progressively finer polishing compounds until the desired surface finish

was achieved. After polishing each side of the sample was rigorously cleaned to remove any
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paraffin wax residue using isopropanol (see Table 7-3) in an ultrasonic bath for ~ 60 seconds
followed by a gentle drying with lens tissue (see Table 7-4).

The polishing process resulted in two parallel polished faces each with a slightly convex surface,
which was desirable for the co-extrusion process in Appendix 7.1.9, and acceptable for bulk glass
absorption measurements in Appendix 7.2.1. However, samples intended for MIR ellipsometry,
in Section 3.1.2.4, had both sides flattened in a vacuum hot press, between two tungsten carbide
anvils (nominal flatness of < A/10 at 632 nm). Additional details on polishing and vacuum hot
pressing process can be found in [77]. After vacuum-hot pressing, one side of the sample was
intentionally roughened with 120 grit sandpaper, to try to eliminate any specular reflections.
Samples intended for bulk PL emission measurements (see Section 7.2.4.3) had three adjacent
faces of a cuboid shaped bulk samples were prepared to a 1 um surface finish. The remaining

three faces were roughened with 120 grit sandpaper to reduce specular Fresnel reflections.

7.1.8 Cladding tube extrusion:

A cylindrical chalcogenide glass rod was inserted into a homemade hydraulic hot press fitted with
a three holed ‘spider die’, as shown in Figure 7-10 (a). The glass sample was heated above its ‘T’
before pressure was applied to avoid causing a fracture. The cylindrical glass-melt was then
forced through the spider die, into three separate streams, before recombining into a tube with
an inner diameter ~1 mm and an outer diameter ~10 mm on exiting the die as illustrated in Figure
7-10 (b). Tube extrusions were performed under a flowing dry N2 atmosphere. The resulting

cladding tubes were used as the ‘tube’ in the ‘rod in tube’ method for the fabrication of a SIF.
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Figure 7-10: Showing (a) image of spider die cladding glass billet and bobbin, (b) illustration of tube
extrusion process to produce cladding tube, and (c) illustration of co-extrusion process to produce a step-
index glass rod.
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7.1.9 Co-extrusion core and inner cladding rod:

Co-extrusion of two chalcogenide glass samples to form a step index glass rod followed a similar
procedure to that found in [159,206] and illustrated in Figure 7-10 (c). Wherein, two separate
chalcogenide glass rods were prepared for co-extrusion. The mating surfaces of the two polished
bulk samples were meticulously cleaned in an ultrasonic bath with isopropanol. The cleaned glass
billets were then carefully stacked vertically together in the extruder barrel, core glass on top and
cladding glass below, with their convex surfaces touching at a single location, as illustrated in
Figure 7-10 (c).

This stacked configuration was done to evacuate the laboratory atmosphere or any outgassing,
between the stacked samples during co-extrusion. The stacked glass assembly was placed into a
homemade hydraulic hot press fitted with a die with a single circular orifice (3.2 mm inner
diameter). During co-extrusion a heating schedule was applied while under a continuous vacuum.
Force was applied to the glass charge stack only above the glass ‘T’ to avoid causing a fracture.
The cylindrical now supercooled-melt was forced through the die, into a single step-index glass

rod comprised of both the core and cladding glass (see Figure 7-10 (c)).

7.1.10 Glass fibre drawing:

Glass rods were drawn to either fibre or cane using a customised Heathway draw-tower fitted
with a radio frequency furnace, housed in a class 10,000 clean room, using a general
configuration like that found in [120,146,102]. This process entailed heating a narrow region of
the glass rod above its ‘Tg’, using a graphite susceptor. The glass rod in a ‘supercooled liquid’ state

was initially pulled into a stream under the influence of gravity (see inset (a) in Figure 7-11).
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Figure 7-11: lllustration of equipment configuration used for fibre drawing process, with insets showing
(a) initial neckdown of glass rod, (b) single material fibre drawing, and (c) SIF drawing.

Axial tension was then applied to form a continuous stream of glass which rapidly solidified upon

exiting the induction furnace, as illustrated in either inset (b) or (c) in Figure 7-11. The outer

diameter of the glass exiting the furnace was controlled by varying the amount of heat applied

to the glass rod and axial tension on the solidified glass exiting the induction furnace. Fibre was

spooled onto a drum, and cane was stored as short straight lengths (~ 0.7 m long). For SIF drawing

the assembled core and cladding rod were co-drawn to a SIF while a vacuum was applied to the
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region between the core and cladding to prevent the formation of unwanted gaps / holes at the

core/cladding interface as illustrated in inset (c) in Figure 7-11.

7.1.11 Propylamine etching:

Propylamine etching was carried out on either annealed glass rods (~ 10 mm outer diameter), or
un-annealed cane (between 500 um to 1500 um outer diameter). Chalcogenide glass samples
were etched in propylamine at room temperature (20-27 °C) and 1 atmosphere (~101 kPa) in
either a silica glass ampoule or plastic covered soda-lime-silica glass vial, while in a fume hood.
Etched samples were then rinsed in acetone followed by isopropanol then kept under vacuum
awaiting fibre drawing. Note, further information on propylamine etching process employed can

be found in [97].

7.1.12 SIF fabrication and drawing:

SIF were drawn from specially prepared glass rods comprised of two materials of differing
refractive index. These glass rods were assembled using the ‘rod in tube’ method. Prior to
assembly of the ‘rod in tube’ to obtain suitable lengths of cane and cladding tube, these were
scored and fractured. Cutting using a diamond saw was not done to avoid introducing additional
contaminants on the mating surfaces. The cane (500 um < OD < 980 um) was then inserted into
the extruded cladding tube (ID ~1 mm and OD ~10 mm), while under laboratory atmosphere,
prior to fibre drawing. The assembled glass rod was affixed to a special glass rod holder, similar

to that described in [146] and illustrated in inset (c) of Figure 7-11, prior to fibre drawing, to allow
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the space between the core and the cladding to be under continuous vacuum (~40 kPa) during

the fibre drawing.

7.1.13 Glass sample description code:
A coding system was previously developed within the Mid-Infrared Photonics Group, George
Green Institute for Electromagnetics Research to identify each glass sample and fibre produced.
Each sample code was divided into four data fields; the first field described the sample type and
was represented by a single letter. Samples starting with the letter ‘M’ denoted a bulk glass melt,
while the letter ‘F’ referred to fibre or cane, and the letter ‘E’ referred to an extruded glass rod
or tube. The second field was a three-digit number. The next field indicated if the sample was
RE3* doped. Note, if the sample was doped the letters ‘RE’ would be present immediately after
the three-digit number. Conversely, the letters ‘RE’ would be absent after the three-digit number
if the sample was undoped. The final field identified the initials of the individual(s) responsible
for producing the sample.
The following are some examples of the sample coding system:

» M228REJN(RC) referred to; bulk glass melt number 228, RE-cation doped, produced by JN

and RC.
> F130RERC referred to fibre number 130, RE3* doped, produced by RC.
» EO090DF(JN) referred to extrusion number 90, undoped, produced by DF and JN.

> EO094REDF(JN) referred to extrusion number 94, RE3* doped, produced by DF and JN.
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7.2  Measurement methodology:

The following sections outline how the various spectroscopic measurements were performed.

7.2.1 Bulk glass absorption measurements:

An FTIR spectrometer was used for bulk glass absorption measurements, it was used to generate,
and analyse broadband IR light transmitted through a chalcogenide glass sample. Figure 7-12
shows a simplified internal layout of the FTIR spectrometer. The FTIR spectrometer was equipped
with two broadband IR light sources, items 3 and 4 in Figure 7-12, which were selected based on
the spectral region under evaluation. A Michelson interferometer, equipped with an
interchangeable beam splitter, item 7 in Figure 7-12, was used to modulate the selected
broadband IR light source. The FTIR spectrometer was equipped with two internal detectors,
items 10 and 11 in Figure 7-12, for measurements using the internal sample compartment.
Additionally, the FTIR was equipped with two external detectors for the optical loss
measurements, described in Section 7.2.2. NIR and MIR bulk glass absorption measurements
were each accomplished using an identical two-step process. The sample compartment of the
FTIR spectrometer was purged with dry air to maintain a consistent atmospheric concentration
throughout each portion of the absorption measurement.

A ‘background’ absorption spectrum, with no glass sample in the FTIR spectrometer was first
collected. Upon completion of the background measurement, a polished bulk glass sample was
inserted into the sample compartment, in the path of a broad band IR beam, and the
compartment was close, then allowed to purge (typically for ~20 minutes) to reduce atmospheric

absorptions to a value consistent with the background measurement. The absorption spectrum
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was then collected, and any ‘background’ absorptions were then removed using Bruker OPUS

(version 3.1 build) control and data acquisition software. The host glass contributions for bulk

absorption spectra presented throughout Section 4.2 were numerically removed using the

‘Baseline Fit’ function in Matlab.
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Figure 7-12: Simplified internal layout of the FTIR spectrometer (Bruker, IFS66/S), and configuration used
for bulk glass absorption measurements. Note, this diagram does not illustrate all the internal components

of the FTIR spectrometer.
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7.2.1.1 Optical cross-sections:

Optical cross sections are used to characterise the probability of an electron undergoing either
optical absorption or stimulated emission, wherein a larger cross-sectional area denotes a
greater probability of interaction. The ‘absorption cross-section’ ‘ca(v)’ refers to the probability
of an electron optically absorbing a photon of specific energy. Conversely, the ‘emission cross-
section’ ‘oe(v)’ refers to the probability of an electron undergoing stimulated emission with a
specific wavelength of incident light. Absorption cross-sections were obtained by calculating the

absorption coefficient ‘a’ using the following equation derived from the Lambert-Beer law:

= o= 2.302 X al;sorbance Equation 7-4

Where ‘I’ is the path length of the sample. Additionally, a sanity check was performed by
comparing the absorption coefficient / m to fibre loss measurement. Notably, the presence of
overlapping impurity absorptions hamper with the accuracy of these calculations. Thus, these
overlapping absorptions are sometimes numerically removed to improve the accuracy of
subsequent cross-section calculations [116]. The ‘ca(v)’ (absorption cross-section) was then

calculated as follows:

a(v)
oa(v) =—= Equation 7-5
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where ‘N’ is the RE dopant concentration. The corrected measured ‘ca(v)’ was transformed into
relative ‘oem(v)’ (emission cross-section) spectra using the McCumber method [33,207,208] using

the following equation:

Eo—hv)

Oem (V) = 0Ogps (V) X exp< kpT Equation 7-6

where ‘E¢’, is as the net free energy required to excite RE3* cation from the initial relaxed state
to an excited state at temperature ‘T’ (Kelvins) [209,210]. The Flchtbauer—Ladenburg equation
was then used to convert the relative emission cross-section spectra into absolute cross sections

[209] by means of the following equation:

A% 1)
O (A) = X .
em( ) 8mcn?tyrqq [ I(A).dA Equation 7-7

Where ‘Trad’” is the spontaneous emission lifetime of the transition, ‘c’ is the speed of light in a

vacuum, ‘n’ is the refractive index, and A is the central wavelength of the emission [211-213].

7.2.2 Fibre optical loss measurement:

An FTIR spectrometer, item 1, in Figure 3-3, was utilised to generate modulated broadband IR
light, mirrors were then used to focus this light into the cleaved ‘launch-end’ of a fibre sample.
The ‘cut-back’ method was employed to compare the intensity of broadband light transmitted
through the fibre sample as it was incrementally cleaved towards the ‘launch end’. The position

of the ‘launch-end’ was kept constant throughout the measurement to ensure a constant
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insertion loss for the modulated broadband IR light. At the opposite end of the fibre, the
transmitted light was focused onto one of two detectors, items 10 and 11 in Figure 3-3, using
mirrors. Each detector measured the intensity of transmitted light for a specific spectral region.
Both detectors were installed on a sliding platform, item 12 in Figure 3-3, to switch between
detectors during measurements to avoid disrupting the equipment and sample alignment.

A test piece of fibre was used to align the equipment configuration shown in Figure 3-3. The
starting length of the evaluated sample was decided by finding the maximum length of fibre
through which transmitted IR light was detectable by both detectors (typically around 3 m for
RE3* doped fibres). Once the sample piece was installed the alignment was re-optimised and the
position of the ‘launch-end’ was left undisturbed for the remainder of the measurement.

The fibre sample was progressively cleaved back toward the ‘launch-end’ using a fibre cleaver
(Thorlabs Vytran®, LDC-401) using a procedure similar to that described in [214]. After each ‘cut-
back’ the ‘mirror cleave’, the cleaved end removed from the sample fibre, was inspected using
an optical microscope (Vickers Instruments, model M171484) to judge ‘cleave quality’ and
measure fibre diameter (viewed in reflection with visible illumination, see Figure 3-5 (c)). The
cleaving parameters used prioritised ‘cleave quality’, that is, it maximised the ‘mirror’ region of
the cleave fibre end, while the cleave angle was ignored, (see Section 7.2.3 for fibre cleave angle
measurement). The cleaving process exposed pristine glass at the ‘cut-back’ end of the fibre
importantly this surface was not cleaned with any chemicals after cleaving. Furthermore,
measurements were typically taken within minutes of cleaving. The ‘cut-back’ procedure was

repeated several times, typically around 9 to 12 ‘cut-backs’ each between 60 to 100 cm long for
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RE3* doped fibres, unless otherwise stated. The attenuation spectrum was then calculated using

Equation 3-2 and the process flow chart shown in Figure 3-4.

7.2.3 Cleaved SIF sample preparation:

The preparation SIF samples with approximately 90° cleaved end faces employed the flowchart
in Figure 5-1. SIF samples were cut to a desired length by cleaving both end faces at
approximately 90° using a fibre cleaver (Thorlabs Vytran®, LDC-401) while following a procedure
similar to that described in [214]. The cleaving parameters used prioritised 90° cleave angle.
Additionally, the cleaving parameters used were specific to the SIF composition and diameter
and were obtained via trial and error and then optimised to minimise cleave angle variation. The
‘mirror cleave’ for each end was inspected under an optical microscope, using ‘the end
inspection’ equipment configuration shown in Figure 3-5 (c) to evaluate SIF dimensions, cleave
quality, and cleave angle. The cleaved end faces were each inspected for defects.

The angles of each ‘mirror cleave’ were then evaluated under an optical microscope, using ‘the
side inspection’ equipment configuration shown in Figure 3-5, viewed parallel to the cleaved end,
using a homemade 3D printed jig (designed by Dr David Furniss), which allowed the cleaved SIF
to be rotated axially, as illustrated in Figure 5-2 (a) and (b). The cleave was imaged at 0° then the
SIF was rotated axially 90° and imaged again. The cleave angle at 0° and 90° rotation were then
measured using Imagel software. Cleave angles within the range of 90° + < 1° were deemed
acceptable.

Note, the ‘mirror cleave’ was used for the initial optical inspection and the cleave angle

measurement to avoid any potential damage to the actual SIF sample. Additionally, mist and
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hackle in the cladding region were considered acceptable assuming the cleave angle was
satisfactory.

SIF samples were cleaned of any surface debris using isopropanol (see Table 7-3) in an ultrasonic
bath for ~ 30 seconds followed by a gentle jet of air directed at the cleaved end from an FTIR
purge gas generator (Parker Filtration, #75-52, with reduced concentrations of CO, and H;0).
After cleaning the cleaved ends of the SIF sample were inspected under an optical microscope,
using ‘the end inspection’ equipment configuration shown in Figure 3-5 (c) to ensure the absence

of debris or residue.

7.2.4 PL (photoluminescence) emission spectroscopy measurement:

PL emission measurements could use a variety of equipment configurations for each combination
of sample type and excitation source. Each configuration could be sub-divided into four major
subsections, namely launch optics (see Section 7.2.4.1), sample preparation (see Section 7.2.4.2),
collection/detection (see Section 7.2.4.3), and control/data acquisition (see Section 7.2.4.4).
With all these subsections working together PL emission spectra (see Section 7.2.4.5), and PL

emission lifetimes measurements (see Section 7.2.4.6) can be performed.

7.2.4.1 Launch optics:

Each type of excitation laser used for PL emission measurements required different supplemental
optical components to efficiently excite the sample as shown in Figure 4-1, insets A to E. The
open beam laser, a 4.150 um QCL (quantum cascade laser), item 3 shown in Figure 4-1, insets B,

D and E, required mirrors on kinematic mounts to accurately steer the beam towards the sample.
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The beam was passed through a polariser and a quarter wave plate, items 4 and 5 shown in Figure
4-1, to prevent reflections and unpolarised PL emanating from the sample from influencing QCL
output power.

The fibre-coupled sources, item 1 within insets A, and Cin Figure 4-1, delivered the laser light to
the sample, at which point it was collimated using a fibre collimation package, item 2 in Figure
4-1. A collimated beam was used to excite powdered samples, item 8 (b) in Figure 4-1, due to the
large surface area, see insets C and D in Figure 4-1. Fibre samples, item 8 (a) in Figure 4-1, were
excited/illuminated with a beam focused onto a cleaved end face, shown in Figure 4-1, insets A

and B.

7.2.4.2 Sample preparation and mounting:

Samples for PL emission measurements could be fibres, powdered glass, or bulk glass, items 8(a),

8(b) and 8(c), respectively, shown in Figure 4-1. The following gives a description of how each

sample type was prepared and mounted:

e C(Cleaved fibre samples were prepared using process described in Appendix 7.2.3. Cleaved fibre
samples were then mounted on a V-groove fibre holder using either magnets or UV curable
polymer, item 9 in Figure 4-1, inset F. SIF samples were sometimes also coated with the liquid
metal InGaSn alloy (Galinstan), item 10 in Figure 4-1, for cladding mode-stripping and thermal
management, using the procedure described in Section 7.2.3. Fibre samples were
excited/illuminated in a co-linear, ‘End-collection’, configuration relative to the launch laser

and collection optics.
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Powdered chalcogenide glass samples were prepared by grinding either pieces of bulk glass
or single material fibre in an agate mortar and pestle inside a glovebox (MBraun, MB 1508B-
G) while under a dry nitrogen atmosphere (< 0.7 ppm H>0 and < 0.3 ppm O;). The glass was
ground to a mostly uniform particle diameter and sealed, while under an inert N;
atmosphere, in an in-house made 3D printed powder sample holder equipped with CaF;
windows shown in Figure 4-1, inset G. The powdered glass was kept sealed to avoid oxidation,
absorption, and adsorption of water and other atmospheric molecules during PL emission
measurements. Note, powdered samples were excited in a co-linear configuration relative to
the launch laser and collection optics.

Polished bulk glass samples were prepared using process described in Appendix 7.1.7. The
polished bulk sample was mounted in a ‘Side-collection’ configuration as shown in Figure 4-1,
inset H, wherein a focused beam was directed at an edge between two polished sides on the

bulk sample, while PL was collected orthogonally to minimise reabsorption.

7.2.4.3 Collection/detection equipment configuration:

Figure 4-1, inset I, shows how RE3* PL emanating from a sample was modulated, collected,

filtered, focused then separated into its constituent wavelengths and evaluated.
An optional optical chopper, item 11 in Figure 4-1, was positioned as close as possible to the
sample to amplitude modulate any emitted RE3* PL emissions at a user defined modulation

frequency. Note, this mechanical chopper was used only for PL emission spectrum

measurements, PL lifetime measurements exclusively employed electronic modulation of the

excitation source, using the procedure described in Section 4.1.1.3.
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Lenses made of either CaF, or Ge were used for the collection optics, items 11 and 14 in Figure
4-1. CaF; lenses were used for the visible/NIR/MIR spectral range, while Ge lenses were
preferentially used for the MIR (greater than 3 um) spectral range, as per their respective
specifications [215,216].

An optional interchangeable optical filter, item 13 in Figure 4-1, was positioned to either transmit
or attenuate specific spectral ranges. The type of filter selected, LWP (long wave pass), SWP
(short wave pass) and BP (band pass) was based on the spectral range of the desired
measurement. Table 7-15 lists the filters used. Note, the choice of collection optics, items 11 and
14 in Figure 4-1, could also act as an optical filter, with ‘Ge’ lenses effectively acting as 2.000 um
LWP filters.

Table 7-15: List of individual optical filters, item 13 in Figure 4-1, used for PL emission measurements.

Filter type HUCIPCIUCHICICG Manufacturer Model
wavelength (um)

BP 3.800 Spectrogon BP-3800-180nm
LWP 2.000 Unknown -
LWP 2.484 Northumbria Optical Coatings Ltd | SLWP-2484-001086
LWP 2.505 Northumbria Optical Coatings Ltd | SLWP-2505-001089
LWP 2.945 Northumbria Optical Coatings Ltd | SLWP-2945-000743
LWP 3.407 Northumbria Optical Coatings Ltd | SLWP-3407-000189
LWP 3.981 Northumbria Optical Coatings Ltd | SLWP-3981-000145
LWP 4,203 Northumbria Optical Coatings Ltd | SLWP-4203-001138

BP 4.136 Northumbria Optical Coatings Ltd SBP-4136-001508
LWP 4.630 Northumbria Optical Coatings Ltd | SLWP-4630-000434
LWP 6.386 Northumbria Optical Coatings Ltd | SLWP-6386-000297
SWP 3.351 Northumbria Optical Coatings Ltd | SSWP-3351-001063
SWP 4.421 Northumbria Optical Coatings Ltd | SWP-17220-1-1-17

Note, BP (Band pass), LWP (long wave pass) and SWP (short wave pass).
A monochromator, item 15 in Figure 4-1, based on a ‘Czerny-Turner’ design with interchangeable

diffraction gratings was used to spatially separate the incoming broadband RE3* PL into its
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constituent wavelengths while directing selected wavelengths to the monochromator exit. The
diffraction grating used was selected based on the spectral range of the measurement.

A detector, item 16 in Figure 4-1, was positioned at the exit of the monochromator to measure
the intensity of the wavelength selected by the monochromator. The choice of detector was
based on the spectral range of the measurement and measurement type. The detector output
was sent to either a lock-in amplifier for emission spectrum measurements or a USB oscilloscope

for PL lifetime measurements, items 21 and 19, respectively, in Figure 4-1.

7.2.4.4 Control/data acquisition equipment configuration:

Figure 4-1, inset J, shows how the electronic components in the equipment configuration were
interconnected and controlled. Amplitude modulation of emissions emanating from a sample
was done at a fixed user defined frequency. Modulation was accomplished either by using an
optical chopper, item 11 in Figure 4-1, or via electronic modulation of the excitation source using
a waveform generator, either item 17 or 19 in Figure 4-1. The modulation frequency was
dependent on the type of measurement being performed and is discussed further in Section
4.2.6.2. Wavelength selection of the emissions emanating from the samples was accomplished
using a monochromator, item 15 in Figure 4-1, which was controlled by a data acquisition
computer, item 18 in Figure 4-1. PL lifetime measurements were accomplished using
PicoScope6™ software also running on the data acquisition computer. This was used to record
intensity measurements as a function of time while time averaging measurements to improve
the overall SNR (signal to noise ratio) of the measurement by decreasing the variance of the noise

associated with the signal and detection system.
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7.2.4.5 PL emission spectrum measurements:

The sample was exposed to either a CW source while the resultant RE3* PL was modulated by an
optical chopper, or the sample was exposed to an electronically modulated pump source, causing
the resulting RE3* PL to be modulated. The resulting amplitude modulated emissions emanating
from the sample were collected and evaluated using the collection/detection subsection
described in Section 7.2.4.3. Intensity measurements of detected RE3* PL were made using a lock-
in amplifier, item 21 in Figure 4-1, with the modulation frequency of the RE3* PL as a reference
signal, thus improving the SNR by ignoring incoherent noise [217,218]. The PL emission spectrum
was obtained by taking intensity measurements on the emitted RE3* PL, at uniform wavelength
intervals, using the control/data acquisition equipment described in Section 7.2.4.4, were
measurement parameters such as wavelength interval, and dwell time were specified. These
intensity measurements were then plotted against wavelength to produce the PL emission
spectrum.

System spectral response: Wavelength-dependent variations introduced to PL emission

spectrum measurements, specifically due to the collection/detection subsection described in
Section 7.2.4.3, were evaluated for each equipment configuration used. The spectral response of
each collection/detection configuration was characterised by recording the IR spectrum emitted
from a Globar situated where a photoexcited RE3* doped sample would otherwise be in the
equipment configuration (see insets F, G, and H in Figure 4-1) without the launch optics
subsection. A Globar source was used as its IR emission spectrum could be approximated to a

blackbody source [219-221]. The theoretical spectral radiance ‘I(A)’ of the Globar, was calculated
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by measuring its temperature ‘T (°K)’ with a pyrometer (Minolta/Land, Cyclops 152A), and using

Planck’s law [219], given in the following equation.

2hc? 1 E i _
B,(A,T) = = % quation 7-8

exp <%) -1

where ‘h’ is Planck’s constant, ‘ky’ is the Boltzmann constant and ‘c’ speed of light in a vacuum.
The calculated spectral radiance ‘I(A)’ and the measured Globar intensity spectrum ‘L(A)’ were
then normalised to their respective peak intensities. The wavelength dependent sensitivity ‘S(A)’
of the detection system was then given by the normalised spectral radiance ‘I(A)’ divided by the

normalised measured intensity spectrum ‘L(A)’ as given in the following equation.

_ I Equation 7-9
S(A) = e
Transformation of uncorrected emission spectra to corrected emission spectra, presented in
Section 4.2 was achieved by multiplying the wavelength dependent sensitivity ‘S(A)’ by the

uncorrected measured spectrum.

7.2.4.6 PL lifetime measurements:
An electronically modulated pump source, with a 50 % duty cycle, was used to excite a sample
resulting in amplitude modulated PL emissions. These emissions were collected and evaluated at

a fixed user defined wavelength using the collection/detection subsection described in Section
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7.2.4.3. The collection/detection subsection allowed a narrow spectral range of PL light (typically

less than 50 nm in spectral width) to be selected and evaluated by the detector.

PL Intensity measurements were made using a USB oscilloscope, item 19 in Figure 4-1. During
the switch off portion of the 50 % duty cycle for the pump source, the decaying PL emission
intensity from the sample was recorded as a function of time, using a USB oscilloscope. The
modulation frequency of the pump was selected to allow the longest constituent traq (PL lifetime),
exhibited in the RE3* dopant, to decay to approximately zero intensity during the off portion of
the 50 % duty cycle. Thus, half of the modulation period was set to be at least eight times the
longest Trag4 of the RE3* dopant. The repetitive nature of the electronic modulation of the pump
source allowed the decaying PL emission intensity, from each off portion of the 50 % duty cycle,
to be averaged over several thousand iterations (typically between 5000 to 10000 averages,

depending on PL intensity).

System response time: This characterisation entailed a lifetime measurement at the pump source

wavelength without a RE3* doped sample. Due to the small value of these system response times
the presented lifetimes in Section 4.2 were not corrected unless otherwise stated. Table 7-16

shows the response time of the collection system with each pump source listed in Figure 4-1.

Table 7-16: Response times of pump sources listed as item 1 or 3, in Figure 4-1:

Pump source Response time / s Pump source Response time / s
Tuneable source (without

EDFA) <1 1.940 um <1

Tuneable source (with oo (Does not switch off) 2.013 um <100

EDFA)

1.700 um not evaluated 4.150 um <1
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7.3 Equipment configuration code:

A coding system was developed by the author to efficiently describe the various equipment
configurations employed was implemented. This coding was necessary to describe the multitude
of equipment configurations employed to obtain the presented results throughout Section 4.2.
The coding system was divided into three data fields each based around one of the three major
subsections, which comprise the optical circuit in the equipment configuration, namely, the
‘launch optics’, ‘sample’ and ‘collection/detection’ subsections, see insets A to | in Figure 4-1 and
their associated interchangeable items. Each equipment configuration code comprised:

1) Choice of ‘Launch optics’ subsection: Options included insets A to E in Figure 4-1, along
with the option of interchangeable items within the selected subsection. Note, each
subsection, excluding subsection D, contained interchangeable items such as the laser
source and the focusing lens, items 1 and 7, respectively, in Figure 4-1.

2) Choice of ‘Sample’ subsection: Selections included insets F to H in Figure 4-1, along with
the choice of interchangeable items within the selected subsection. Note, only subsection
F, contained interchangeable items relating to the fibre mounting options and cladding
mode stripper, items 9 and 10, respectively, in Figure 4-1.

3) The ‘Collection and detection’ subsection, shown as inset | in Figure 4-1. The choice of
interchangeable items within this subsection included the collection optics, optical filter,

monochromator, and detector, items 12 to 16 in Figure 4-1.

The following are three examples of this equipment configuration coding:
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Launch optics

The sample

Collection/detection

Example 1:

Alla- 73]

F[9%- 10]

1[125- 133.407 Lwp- 14a- 15,ii- 16p]

Description  of
example 1 code:

A: Refers to ‘inset A’ in Figure
4-1.
‘item

1,: Refers to 1(a),

Tuneable source.

7.: Refers to ‘item 7(a)’, Aspheric
lens, f = 5.95 mm focusing lens on
XYZ translational stage.

F: Refers to ‘inset F’ in Figure 4-1.

9p: Indicated ‘item 9(b)’, UV curable

polymer, was used.

10: Indicated that ‘item 10°, Galinstan
cladding mode-stripper was used.

I: Refers to ‘inset I in Figure 4-1.

12,: Refers to ‘item 12(a)’, Ge lens, f = 12.5 mm collection lens on XYZ stage.

133 407.we: Refers to ‘item 137, an optical filter, specifically a 3.407 um LWP filter listed in Table 7-15.
14,: Refers to ‘item 14(a)’, Ge lens, f = 12.5 mm focusing lens on XYZ stage.

15,;: Refers to ‘item 15(a)(ii)’, Bentham monochromator, equipped with grating 2.

16p: Refers to ‘item 16(b)’, an MCT detector on an XYZ stage.

Example 2:

A[14- 73]

F[9a]

1[124- 133351 swp- 14a- 155 16p)

Description  of
example 2 code:

A: Refers to ‘inset A’ in Figure
4-1.

14: Refers to ‘item 1(d)’, 2.013
um source.

7.: Refers to ‘item 7(a)’, Aspheric
lens, f = 5.95 mm focusing lens on
XYZ translational stage.

F: Refers to ‘inset F’ in Figure 4-1.

9.: Indicated ‘item 9(a)’, magnets, were
used.

10: Indicated that ‘item 10°, Galinstan
cladding mode-stripper was used.

I: Refers to ‘inset I’ in Figure 4-1.

12,: Refers to ‘item 12(a)’, Ge lens, f = 12.5 mm collection lens on XYZ stage.

133351 .we: Refers to ‘item 137, an optical filter, specifically a 3.351 um SWP filter listed in Table 7-15.
14,: Refers to ‘item 14(a)’, Ge lens, f = 12.5 mm focusing lens on XYZ stage.

15,;: Refers to ‘item 15(a)(i)’, Bentham monochromator, equipped with grating 1.

16p: Refers to ‘item 16(b)’, an MCT detector on an XYZ stage.

Example 3:

D[]

Gl

I[lzb' 13none' 14b' 156i' 163]

Description  of
example 3 code:

D: Refers to inset ‘D’ in Figure
4-1.

Note, this subsection has no
interchangeable items.

G: Refers to ‘inset G’ in Figure 4-1.
Note this  subsection has no
interchangeable items.

I: Refers to ‘inset I in Figure 4-1.

12,,: Refers to ‘item 12(b)’, CaF; lens, f = 40 mm collection lens on XYZ stage.
13,0ne: Refers to ‘item 13’, an optical filter, specifically no optical filter was used.
14y,: Refers to ‘item 14(b)’, CaF; lens, f = 40 mm focusing lens on XYZ stage.

15,;: Refers to ‘item 15(a)(i)’, Bentham monochromator, equipped with grating 1.

16p: Refers to ‘item 16(a)’, an InGaAs detector on an XYZ stage.
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