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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Optoelectronics

Thesis for the degree of Doctor of Philosophy
SPECIALITY OPTICAL FIBRE FABRICATED BY OUTSIDE VAPOUR DEPOSITION PROCESS

Martin Miguel Angel Nufiez Velazquez

Outside Vapour Deposition process was used to demonstrate transparent and de-
fect-free optical preforms on a wide range of glass compositions. Fabrication pa-
rameters were established for deposition, dehydration and consolidation of optical
preforms using a thermodynamic analysis. Also, the drawing conditions for canes
and fibres were stablished. Silica depositions were demonstrated for applications
on high quality substrates or jacketing material. Fluorine-doped silica glass was
fabricated with a refractive index of -6X10° below pure silica level. A wide range of
germanium-doped silica preforms were fabricated from 5 - 95%. Optical fibres rang-
ing from SMF-like profile to a high NA and small core fibre were fabricated. 100%
Germania deposition was successfully achieved and consolidated. 100% germania
core rods were inserted into pure silica substrate and an ultra-high NA preform and
fibre was achieved. A fibre Bragg grating was inscribed showing the multimode
properties of this high NA fibre. Crystallisation study was carried out for Germano-
silicate glasses. Aluminosilicate glass preforms were achieved via traditional and
modified solution doping. Concentrations of ~20,000ppm or rare-earth ions were
achieved. Large core fibres were fabricated with a small NA. Phosphosilicate glass
was successfully demonstrated on passive and active preforms. Refractive index
shows an ultra large core with a refractive index difference of 0.01. Co-doped ger-
manium and phosphorous glass was successfully achieved on preforms with refrac-
tive index difference of ~0.01. Stimulated emission measurements demonstrate the
successful incorporation of RE-ions into both aluminosilicate and phosphosilicate

preforms showing the distribution of the dopant.
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Definitions and Abbreviations

Definitions and Abbreviations

All the units in this document are given under the International System of Units, its

derived units, multiple and sub-multiples.

The preforms and fibres refractive index are given at a wavelength of 633nm unless

it is specified a different wavelength in the graph.

The data on the thermochemical and thermophysical properties of the elements
and compounds used in this thesis has been obtained from the Chemistry WebBook
of The National Institute of Standards and Technology which is an agency of the

U.S. Department of Commerce, unless other specified.

AOM: Acusto-Optic Modulator.

CDS: Chelate Deposition System, also referred as MCVD-CDS.
CFQ: Crucible Fused Quartz.

CH: Channel.

EDFA: Erbium-doped Fibre Amplifier.

EDX: Energy Dispersive X-ray spectroscopy.

FBG: Fibre Bragg grating; it can also be referred as FBG-fs when the grating was
inscribed by femtosecond laser, or FBG-UV when the grating was inscribed by

exposure to Ultra-violet radiation.

FEG-SEM: Field Emission and Gentle beam - Scanning Electron Microscopy.
F300: Refers to a high-quality quartz substrate; model of Heraeus Group.
F-L: Fichtbauer-Ladenburg.

FRIP: Fibre Refractive Index Profile.

FUT: Fibre Under Test.

H: Height of the external ring of the burner, measured from the base plate of the

chamber.

h: Height of the internal rings of the burner, measured from the base plate of the

chamber.
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Definitions and Abbreviations

HOM: High Order Mode, also referred in the plural as HOM’s.

IFA: Refers to a multiwavelength fibre refractive index profiler, a model from Inter-

fiber analysis, LLC
IR: Infra-red.

Layer: In this report, the term layer means the soot deposited by a round-trip of the

burner.
L: Separation length.
MCF: Multi-Core Fibre

MCVD: Modified Chemical Vapour Deposition. It can also be found as MCVD-CDS

or MCVD-SD when emphasising the process for dopant incorporation.
MEF: Multi-Element Fibre

MeOH: Methanol (CH;OH).

MFC: Mass Flow Controller.

MIMO: Multiple-input and Multiple-Output is a method of multiplying the capacity
of communication links using multiple transmitters and receptors to exploit multi-

mode propagation.
MSD: Modified Solution Doping

N: This letter is used to specify the number nines in the percentage of purity on a
chemical; for instance, 3N specify a 99.9% purity on a given chemical; whereas 6N

means 99.9999% purity of the chemical or precursor.

NA: Numerical Aperture.

NIR: Near Infra-red.

OFS: Optical Fiber Solutions; trademark of Furukawa Electric Co, Ltd. (FEC).
OH: Hydroxyl functional group.

OM: Optical Microscopy.

ORC: Optoelectronics Research Centre.

OSA: Optical Spectrum Analyser.
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Definitions and Abbreviations

OVD: Outside Vapour Deposition.

PK2600: Refers to a preform refractive index profiler; model of Photon Kinetics, Inc.
PTFE: Refers to the synthetic fluoropolymer known as Polytetrafluoroethylene.

RE: Rare earth, referring to the series of lanthanides on the periodic table.

RF: Radio Frequency.

RIP: Refractive Index Profile.

S14: Refers to a fibre refractive index profiler; model of Photon Kinetics, Inc.

SC: Supercontinuum source

SDM: Space Division Multiplexing

SD: Solution Doping, also referred as MCVD-SD

SEM: Scanning Electron Microscopy usually an image referred as micrograph. It can
also refer to Stimulated Emission Measurement; this last one is performed on the

IFA and it is represented on an X-Y plot.
SM: Single Mode.

SMEF: Single Mode Fibre.

T: Temperature.

TDFA: Thulium-doped Fibre Amplifier.
TLS: Tuneable Laser Source.

UV: Ultra-violet.

VAD: Vapour Axial Deposition.

VOC: Volatile Organic Compounds.
WDM: Wavelength Division Multiplexer.
WLS: White Light Source.

XRD: X-Ray Diffraction.
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Chapter 1 Introduction

Speciality optical fibres that can offer low loss are of great interest to the telecom-
munications industry as they can lead to longer unrepeated distances for long-haul
transmission systems. Low loss silica fibres operating at 1.55 microns have a the-
oretical limitation of 0.16 dB-km™. At longer wavelengths, the attenuation from Ray-
leigh scattering reduces. However; in silica, the infra-red (IR) absorption starts to
increase and impacts directly on the losses of the system. Laser sources at longer
wavelengths are currently not easy to obtain, but there are different techniques to

generate optical signals at 2-microns, such as optical amplification using TDFA.

Low loss transmission at 2-microns is prevented due to limited material availability
which sets the challenge of developing a new glass host. The development of a
novel speciality glass is required to be targeting primarily on transmission in the
2-micron region with low attenuation and reduced IR absorption. Germanium oxide
has been investigated as a potential candidate to overcome the current limitations.
The high purity of the precursors used during the deposition process is a crucial

factor that enhances the performance of the resulting optical fibres.

The research project presented in this thesis includes the fabrication of germa-
nium-doped silica glass and pure germania glass. Chapter 6 provides detailed in-
formation about the germanosilicate glass preforms fabricated by OVD and the
resulted fibres. Chapters 7 describes the fabrication of pure germania glass using

OVD and the development of these glass into optical fibres.

Alternative approaches for the utilisation of the 2-micron laser technology have
captured the attention of many research areas, such as biomedical applications,
defence systems, and the manufacturing industry. This particular region of the IR
spectrum, in which silica glass has strong IR absorption, also has particular interest
due to the hard absorption of some organic molecules. The applications above have
yielded interest in the field of sensing by companies which use detection technol-

ogies as their business model.

Extensive characterisations of the equipment were performed as part of this
research and are reported in Chapter 2 of this dissertation. Critical components,
such as the burner, had paramount importance since it governs the reaction and

the deposition conditions.
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An exhaustive study on the OVD process is reported in Chapter 3. Thermodynamic
calculations were also obtained to understand the boundaries in which the deposi-
tions occur. Secondary processes, such as dehydration and consolidation of the

porous soot preforms, were also analysed.

The development of the glass fabricated by OVD deposition process started using
a single material. Minimising the number of variables during the initial
development was essential. Therefore, pure silica was the first OVD deposition pro-
cess developed, and it is outlined in Chapter 4. Having a well-established process
for pure silica depositions was a fundamental goal that enabled the developing of

further glass compositions.

The incorporation of fluorine into the silica glass lower the refractive index of the
glass. In Chapter 5 it is described a process for fluorine incorporation that does
not change the soot deposition conditions. Adding dopants maintaining the depo-
sition conditions helped to preserve the reliability of the process at the initial stages

of the process development.

Novel routes to fabricate optical fibres with large cores for laser applications are
also desirable. The current fabrication techniques are mainly limited by the way the
glass host is built-up. The research presented in this thesis demonstrate that the
OVD fabrication technique has the required capabilities for manufacturing large

volumes of the preform core materials.

Speciality optical fibres for laser applications require the development of different
types of glass host. The incorporation of rare-earth (RE) ions into the glass is es-
sential for the development of fibre laser applications. Network modifiers into the
glass matrix are required to enhance the laser performance and reduce the unde-

sirable clustering of the RE-ions.

Aluminosilicate and phosphosilicate are among the most common glass host used
in the photonics industry for laser applications. The refractive index of silica glass
raises when it is doped with aluminium oxide (Al,O;) or phosphorous pentoxide
(P,Os). Both dopants act as network modifiers in the silica glass matrix allowing a
better distribution of additional dopants such as rare-earths RE. Aluminosilicate
glass preforms and optical fibres are reported in Chapter 8. Experiments targeting
only a refractive index change and RE-ion incorporation are described. Correspond-
ingly, phosphosilicate glass preforms and optical fibres had been outlined in Chap-

ter 9.
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A selection of additional projects carried out during the PhD programme had been
included in Chapter 10. Motivated by the scientific and industrial significance of
the 2-micron laser technologies, spectroscopic studies of thulium-doped silica fi-
bres were performed. Samples made in-house by MCVD using solution doping, and

gas phase deposition techniques are reported in Section 10.1.

The analysis was made to provide a better understanding of the dopant behaviour
and the dependence of its performance changing the characteristics of the glass
host. The information obtained in this study will be used as a foundation for further

developments using the OVD process for Tm-doped optical preforms.

Alternative routes to incorporate dopants into the OVD preforms were explored
during the development process. An underlying condition for dopant incorporation
is to minimise the handling and post-processing of the soot preform. Otherwise,
the soot can be damaged, and the characteristics of the glass will be compromised.
The use of gas phase deposition for Al,O; and RE incorporation is a procedure that
has been explored for fabrication of preforms using the MCVD process and has

been described in section 10.2.

The potential impact of the gas phase deposition translated into the OVD system
has promising economic interest from the photonics industry. Therefore, the study
of the gas delivery system, its advantages and limitations, allow defining the re-

quirements for its further implementation in the OVD process.

The significance of the OVD deposition system lays in the possibility to produce
novel glass compositions for speciality optical fibre application. Accordingly, an
application that requires unusual glass compositions is reported in section 10.3. A
barrier with high concentrations of Al,O, is proposed to reduce the molecular hy-
drogen intake of optical fibres exposed to high temperatures and pressures in the
oil and gas industry. Although this experimental work was not made using OVD
process, it stresses that the OVD process could be utilised for research challenges

that conventional techniques face limitations.

Optical fibres can have undesirable features on the refractive index profile (RIP).
Particularly the fibres fabricated for laser applications having core compositions
that include phosphorous present an undesirable central depth in the RIP. Analysis
and an approach on how to tailor the central depth on the RIP are proposed in

Section 10.4. The section mentioned before was included as an example of the
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demand for novel processes that can satisfy the requirements of the photonics
industry. Optical preforms made by OVD process can overcome the current draw-

backs from current fabrication processes.

Complementary to the development of germanosilicate glass and pure germania
glass described in Chapter 6 and Chapter 7 correspondingly, a study on fibre Bragg
gratings is reported in section 10.5. The motivation of this study was to establish
a starting point for the further development of OVD based fibres. A germanium-
doped silica fibre fabricated by MCVD was used to establish the grating inscription
process based on a femtosecond laser source. The characterisation of the thermal

behaviour of this gratings is also described in the section mentioned above.

The accelerated growth of Internet users and applications had put the installed
capacity to the limit. New approaches based on space division multiplexing (SDM)
are currently in development with the aim to meet the demand for data traffic over
the Internet. Section 10.6 reports the activities carried out within a project based
on the SDM approach. The use of OVD in SDM is underexploited, preform fabrica-
tion for multi-element and multi-core optical fibres would be desirable for further
developments in SDM technologies.

1.1 Passive Fibres

The Si0,/GeO, system is essential within the optical fibre industry. It has been the
primary platform of fibre fabrication for at least the past 35 years. This glass sys-
tem has improved with the availability of precursors with higher purity, and the

increment in the demand for glass preforms'?2.

Fundamental limitations such as Rayleigh scattering and OH incorporation pushed
the telecommunications industry to base its development in the NIR?*3. Nowadays,
the lowest losses are around the wavelength of 1550 nm. Theoretically, longer
wavelengths can reduce the Rayleigh scattering, leading to reductions in the signal
loss. However, the nature of the main component of the system, the SiO,, has a
multi-phonon absorption of its Si - OH bond in the 2-micron wavelength region

which increases the losses significantly of the transmission systems?.

Research groups around the world have studied the utilisation of additional do-

pants to improve the performance of the current telecommunications systems®*.
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Also, investigations using highly doped GeO, fibres have been tried. However, the
mechanical and thermal properties mismatch between the components make the

processing of these particular preforms difficult®.

Other types of hosts such as calcium-aluminate glass and the calcium-aluminate-
germanate glass have been studied due to their transparency in the infrared. How-
ever, the available fabrication processes do not permit low loss fibres, mainly owing

to the lack of purity of the precursors and the processes themselves®'®.

Different approaches to the existing processes have been tried to improve the prop-
erties of the glass, for example using network modifiers; the use of ceramics and

different oxides also form part of recent investigations'"'2.

2-micron fibre lasers have been noted as another potential application of the pur-
sued low loss fibres. The advantages of 2-micron technology are well known, such
as the feasibility of increasing the core sizes of the single mode fibres, which re-
duces the energy density allowing an increase of output power, overcoming the

current limits of 1.5-micron technology.

The eye-safe characteristics of the 2-micron radiation is another positive character-
istic which could allow increased power in free-space communications, reducing
the impact of attenuation during adverse weather. Finally, within the biomedical
application field, the potential of 2-micron lasers as part of the development of less
invasive medical procedures, or more precise surgeries, builds a unique attractive-

ness for this technology.

Owing to the capabilities of 2-micron technology, research groups around the world
have been making progress in this area. Commonly, the development of thulium-
doped fibres has been considered one of the leading routes to achieving 2-micron
fibre lasers. Several studies around the thulium-doped fibres and investigations
about how to obtain the most effective energy conversion have captured the atten-
tion of specialists around the world'*'¢. However, even though the 2-micron tech-
nology is already available in devices such as TDFA, low loss transmission fibres at
this wavelength are still not available, mainly because of the fundamental limita-

tions mentioned above.
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1.2 Active Fibres

The preform fabrication for fibre lasers is also an important research area to
explore since large core diameter fibres are mostly limited by the amount of porous
soot in which the dopant solution can penetrate. Alternative fabrication processes
such as powder-in-tube are commonly used. However, the limitation of this tech-
nigue is mainly due to the available purity and particle size distribution of the

chemical powders that can be obtained.

Soot characterisations have been performed to provide the optimum conditions for
the preparation of the soot and correlating their effects to the impact on the final
dopant distribution'?'. Alternative precursors and their impact on the refractive
index has also been studied?. Optimisation of the processes, such as repeated
immersions and thermal treatments during the rare-earth incorporation, and utili-

sation of different solvents, has attracted the attention of research groups®.

The in-situ solution doping technique has been successfully applied for the fabri-
cation of preforms with up to 2.6mm core diameter?. This technique has demon-
strated better results than conventional solution doping; nevertheless, by the na-
ture of the technique, there is a limited number of soot layers that can be deposited

as a host for the dopants.

All the research efforts mentioned before have mainly focussed on the obtainment
of sizeable doped preform cores. The principal problem of the solution doping
techniques is the control of the soot characteristics. The repeated deposition of
soot layers in the substrate can lead to the partial sintering of the initial layers

deposited, reducing the potential dopant incorporation.

The nature of the manufacturing process of OVD preforms, position them as ideal
candidates to achieve large doped cores. Since the whole preform could be
immersed into the desired rare-earth solution; the soot characteristics are homo-

geneous along the preform and over the cross section area.

Also, an external soot deposition can be performed and treated with the same tech-
nique, using the same solution, or a different one. Furthermore, an opposite effect
dopant could be used, such as fluorine, to depress the refractive index and increase

the numerical aperture of the preform design.
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1.3 Outside Vapour Deposition (OVD)

OVD is one of the three widely adopted processes used to manufacture glass pre-
forms for optical fibres. Due to the capability to manufacture passive, active and
also special preforms for optical fibre manufacturing, this process has unique at-

tractiveness for industrial and research industries?®?.

Experimental conditions used with the OVD process are not commonly detailed in
the literature because of industrial and intellectual property rights®?3*, For that
reason, this research project had the particular interest of developing the research

and fabrication capabilities for the Optoelectronics Research Centre (ORC).

The OVD deposition involves a complex gas delivery system which supplies the
reactants, fuel, oxidiser and additional gases to the burner. Figure 1 illustrates a
general scheme of the OVD deposition process. Alternative configurations are avail-
able, depending on the design and specific purpose of the manufacturing facilities.
Variations on burner design are one of the significant attributes of each OVD
system since it governs the conditions of the reactions and their effects on the final

preform.
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_ Rotationm
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Soot particles NS
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Figure 1. Schematic of the OVD deposition process.
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The OVD process starts when a carrier gas flow passes through a container with a
preheated halide precursor in liquid form. Slight differences can exist for systems
having more than one precursor or having the reactants in gas phase from the
beginning. The flow of carrier gas and the vaporised precursor mixture is then
directed to the burner via a permanent heated umbilical line. Heaters are used to
prevent condensation of the precursor before it reaches the reaction zone in the
burner. Depending on the burner design and carrier gas, the vapour mixture un-
dergoes oxidation, combustion or hydrolysis reactions, and, in most cases, a com-
plex combination of all three. As a result of any of the three reaction mechanisms,
the halide precursor is oxidised and forms small soot particles which coalesce into
more significant aggregates that are finally deposited on the substrate. Combining
the soot formation of the deposition with the movement of the torch along the

substrate, it leads to the evolution of a multilayer soot porous preform.

After the deposition is concluded, the porous soot preform is usually treated by a
dehydration process at high temperatures using a desiccant agent to remove all
the OH content trapped during the deposition. Finally, the dehydrated porous pre-
form is taken to the final stage which is the consolidation. At this stage, the soot
is processed at a higher temperature than the dehydration process to reach enough
energy and allow the sintering of the soot. However, this temperature should not
be too high, preventing the glass viscosity being reduced to the point where the

glass starts to flow and precipitates®.

One of the significant advantages of the process is the capability to repeat the
depositions as many times as necessary, substituting the precursors or the gas
treatments, making it possible to fabricate preforms with multilayers of different

dopants.

Extended characterisation of the Optoelectronics Research Centre OVD equipment
is detailed in Chapter 2. Also, an exhaustive analysis of the OVD process; deposi-
tion conditions; dehydration and consolidation conditions had been reported in
Chapter 3.

131 Passive preforms

Preforms that lack of an active gain medium (i.e. RE-ions) are known as passive
preforms. Germanium-doped silica preforms had a particular attraction because it
is not possible to make highly doped preforms with large core by alternative tech-

niques. Finally, the pure germania fibre has a high attractiveness due to diverse

8
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applications such as optical fibres, couplers and WDMs, among others”*¢. Also, the

low loss transmission fibres at 2-micron wavelength are highly attractive.

Every SiCl,/GeCl, ratio requires reconsidering the thermodynamic analysis. The
change in the molar composition of the precursors in the reaction evolves into
different solutions. Caution has to be taken preventing that the thermodynamic

parameters do not shift to unfavourable conditions for the reaction.

Additionally, the GeO, is not as stable as SiO,. Particular conditions can produce
alternative forms of GeO, such as Ge/Ge0O,, GeO, (hexagonal), GeO, (tetragonal),
GeO, (glass), GeO, (Solid Solution)*, or it can even return into a halide®®. Fabrication
conditions and experimental results for germanosilicate glass and pure germania

glass are described in Chapter 6 and Chapter 7 respectively.

Other types of passive preforms were fabricated, and their experimental results are
shown in the following chapters. Pure silica preforms are described in Chapter 4,
and fluorine-doped silica preforms are described in Chapter 5. From the active
performs development, there is also a section dedicated to the development of the

glass host, those types of glass can be used to fabricate passive preforms as well.

Preform development for aluminosilicate glass is reported in Chapter 8, and
phosphosilicate glass is outlined in Chapter 9. Phosphosilicate was also doped with
germanosilicate to demonstrate the capability to fabricate the glass composition.
This glass is commonly used in the section of the preform known as the pedestal.
The pedestal in optical preforms is a region surrounding the core that helps to
reduce the numerical aperture between the core and the cladding. The pedestal
acts as a cladding structure in the waveguides, and it is commonly used in the

active preforms designs.

1.3.2 Active preforms

Extending the capabilities of the OVD process is driven by the particular interest of
fabricating active preforms. There are different techniques to add dopants into the
preforms, such as gas phase, sol-gel, conventional solution doping, or in-situ solu-
tion doping. Solution doping is widely utilised to fabricate RE-doped optical fibres.
The low vapour pressure of the RE compounds makes the solution doping a
valuable technique for the fabrication of active preforms. Extensive studies have

been carried out to optimise the incorporation of dopants'®2#31:3940,
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The nature of the OVD porous soot preforms enables the incorporation of a
significant amount of dopants inside the silica matrix. The techniques used in
MCVD preforms consist in soaking the inner porous soot layer with the solution.
The dopants penetrate the porous soot body attached to the substrate tube. How-
ever, no substrate supports the OVD soot preforms, which requires significant

modifications to the existing techniques.

The solution is contained in a tailored vessel where the preform is immersed. There
is also a particularity of the OVD soot porous preforms, the penetration of the do-
pants in the solution may happen in a bidirectional manner; via the inner hole left

by the bait rod removal, and via the outside surface of the soot body.

The soot preforms produced for the solution doping process require a particular
porosity. Depositions too loose tend to crack and precipitate during solution dop-
ing. Contrarily, depositions too compact may prevent the solution from penetrating
in the soot preform, leading to a low dopant concentration or an unexpected RIP in

the final preform.

Incorporation of Al,O; into the porous soot preforms has a particular interest; it has
been reported that it helps to minimise clustering of RE-ions*'. Preventing the in-
teraction between RE-ions in the glass network and reducing the unwanted short
fluorescence lifetimes*. Rapid fluorescent decays happen due to the quenching
effect of the lasing process. There are extensive studies in the literature about the
aluminium incorporation in MCVD preforms using a thin soot layer. Also, the ef-

fects of multiple doping and alternative dopants have been reported?'#2,

Phosphosilicate is also used as a glass host for RE doping. Its use is widely adopted
in the fibre lasers industry. The phosphosilicate glass matrix enhances the core of
the fibres tackling the unwanted photodarkening which is an undesirable conse-
quence in high power applications. More complex glass hosts for active preforms

can be achieved, for instance mixing aluminosilicate and phosphosilicate.

The photonics industry and primarily the high power laser sector, have a particular
interest in optical fibres with a large core and reduced numerical apertures. The
OVD process can be developed to satisfy this demand. It is described in Chapter 8
the experimental work towards the development of aluminosilicate glass fabricated
by OVD. Also, in Chapter 9 it is reported the set of experiments carried out in the

development of the OVD process for fabrication of phosphosilicate glass.
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Chapter 2 OVD Equipment Characterisation

The OVD equipment was designed, delivered and installed before the starting date
of the research work presented in this thesis. According to available records, the
equipment was delivered to the Optoelectronics Research Centre in the second half
of the year 2011. It was installed in the first half of the year 2012. After few initial
operational tests, the commissioning activities started in the last quarter of the
year 2012, which coincides in time with the starting date of the research reported

in this document.

Initial deposition trials were performed by the supplier commissioning team to
demonstrate the deposition of pure silica soot. Depositions resulted in the top layer
partially sintered; this was corrected by reducing the flame flows to reduce the
deposition temperature. Unfortunately, the corrected deposition temperature was

unsuitable for large diameter preforms with the deposited soot detaching or crack-

ing.

The commissioning activities also proposed a handle with a tapered bait rod for
the substrate removal procedure. However, the soot preforms were not successfully
detached from the substrate rod without breaking them. Therefore, consolidation
furnace demonstrations were carried out using depositions made on top of CFQ
glass rods. After the initial samples were sintered, it was identified that the samples
contain defects. The defects were apparent bubbles that appear on the surface and

embedded in the glass preform.

Further depositions were carried out to demonstrate the silica soot doped with
germanium. The use of germanium precursor in the flow started to present addi-
tional challenges for the commissioning team. The deposition conditions estab-

lished for pure silica soot were not suitable for the new flow composition.

During the commissioning stage, the author contribution was towards the identifi-
cation of the defects. Close analysis showed there was a metallic composition. Par-
ticles were found to be encapsulated in a bubble formed during the consolidation
process due to evaporation of the chloride form present in the particle. These
particles were later identified as iron dichloride (FeCl,) falling from the top hood of
the deposition chamber. The particles were the result of the chlorides released

during the process in contact with the stainless steel of the deposition chamber.
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a) Bubble

Particle

Image 1. Defects found in sintered preforms. a) Particle inside a bubble; b)

Cluster of particles with surrounding bubbles; c) Surface defect.

An optical microscope was used to identify the defects observed in the preforms
made during commissioning activities. Image 1 shows the most common types of
defects found after the preforms were consolidated. After identifying the source of
the particles, the supplier modified the chamber extract design to allow more effi-
cient removal of the by-products. The modifications to the extract solved the prob-

lem of particles falling from the top hood of the chamber into the deposited soot.

Final attempts from the commissioning team were carried out looking to demon-
strate the substrate removal and germanium-doped silica soot preforms. However,
different approaches proved unsuccessful and the commissioning period for the
equipment had been already exceeded. Therefore, a proposal to limit the commis-
sioning activities to the demonstration of pure silica soot depositions and sintering
process into a bubble-free transparent glass was agreed. The supplier decided to
retire its commissioning team and leave the system for further process develop-
ment by the ORC.

This chapter describes the comprehensive analysis and the characterisations made
to the OVD system to develop the process. A thorough literature review was carried
out to find, that due to its commercial application, there is limited information
available on the OVD process. Hence, the majority of the deposition conditions
were obtained experimentally using the commissioning trial conditions and the

limited literature data as a starting point.
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2.1 Preliminary Analysis

It was fundamental for this project to understand the OVD process and its differ-
ences with other preform fabrication processes. The following section gives an

overview of the main parameter that drives the deposition process.

211 Temperatures

The OVD process involves the reaction of at least one halide precursor and an oxi-
dising agent. The temperature dependence of the reaction has been widely studied
previously*“8. Therefore, it is quite essential to know the temperature profiles of
the flame region and their dependence on the H,/O, ratio.

The temperature of the deposition is affected by the amount of heat produced by
the oxidation reactions and the exposure time of the burner. Tanden, P. et al.**, K.
H. Hong and S. H. Kang*, and Cho, J. et al.** studied the effects of burner speed on
substrate and surface deposition temperature, growth rate and deposition effi-
ciency. Also, Petit, V. et al.>? correlated the influence of the translation/rotation

ratio on the substrate temperature.

The particular mechanism of the OVD deposition is entirely different to other pro-
cesses used to fabricate glass preforms for optical fibres. The VAD deposition pro-
cess has a static burner and a moving preform which is retracted at a specific ratio
allowing the desired deposition; however, the temperature conditions of the depo-

sition zone are assumed to be stable.

The MCVD process has a moving burner and a lengthwise static preform; the dep-
osition process is performed as the burner moves. The soot particles are deposited
on the substrate glass after the precursors react in the hot zone. Figure 2 illustrates
the MCVD process. It is possible to appreciate how the reaction occurs in the hot

zone and the soot aggregates are deposited on the inner surface of the substrate.

It is also important to mention that the MCVD process uses a temperature gradient
to produce the reaction and then make the deposition, for MCVD the hottest zone
is the reaction zone, see Figure 2. Usually, due to the carriage movement, a gap is
noticeable between the centre of the burner and the hottest zone. However, the
resulted temperature difference is easily corrected by increasing the flows of the

burner.
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Substrate Hot Zone Rotational deposition
(Reaction Zone) m

_
Reactants flow . . Exhaust
- Soot particles —>

|

Bl g

| )

Deposition zone

Burner

Figure 2. Schematic of the MCVD process.

Alternatively, the OVD deposition process occurs in both directions lengthwise. Fig-
ure 3 shows a schematic of the OVD soot preform deposition. The reaction happens
in the flame, and the soot aggregates are deposited on top of a rotating substrate
as the flame traverses in both directions. In this process, it is essential to minimise

the gap between the hottest zone and the burner position due to the carriage move-
ment.

TExhaustT

Rotational deposition

Substrate

Deposition Direction

B ——
Soot particles e .

Burner

Reactants flow 4

Figure 3. Schematic of OVD.
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An excess of temperature after the deposition can have disastrous consequences
for the soot preform. The excess heat sinters the outer layers of the soot body
modifying the interface between the deposited layers. For SiCl,/GeCl, mixtures, the
consequences are even worse because an overexposure of the deposition to the
heat can lead to the reduction of the GeO, content due to evaporation or secondary

reactions.

Ideally, the hottest zone should match with the burner position even when the car-
riage is moving. No difference in temperature is expected in the deposition
between moving and stationary conditions. If the carriage speed requires being
reduced or stopped; the only side effect will be the increase in the deposition thick-
ness. Otherwise, if the burner is stopped the preform will sinter by overheating and

the soot prefrom will be damaged.

2.2 0OVD system

221 Thermal characterisation of burner flows

Temperature measurements were performed in the flame at an equidistant point
between the substrate and the burner using an R-type thermocouple, and pro-
cessing the signal into a data logger thermometer, model YC-717UD made by YCT.
Experiments were performed for different combinations of oxidiser, fuel, shield
gas and carrier gas.

Quter shield —

Halides + Carrier Gas (Ar) f
Fuel (H,)

# Shield Gas (Ar)

Oxidiser (O,)

Figure 4. OVD burner schematic.
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The burner consisted of five concentric tubes, as shown in Figure 4. A carrier gas,
Ar for this study, was passed through a liquid halide precursor(s) heated and con-
tained in a bubbler. The common halides are SiCl, or GeCl,, among others making
a vapour mixture which then passes through the central tube. Hydrogen and oxy-
gen flows were separated by a shield gas flow (Ar), which prevented the premature
mixing of the fuel and oxidiser.

The burner also has an outer shield, shown in Figure 4, which helps to maintain
the shape of the flame flow. The outer shield produces the conditions that confines
reaction before the total flow surrounds the substrate. Thus, the reaction is
completed before the flow reaches the substrate. From our experiments, this
burner design has experimentally improved deposition efficiency. Also, it seems to
be essential for low-temperature depositions allowing to control deposition effi-

ciency and soot density.

The thermocouple was set on the same rotational axis where the substrate was
clamped during the deposition. Precursor flow was suppressed for these measure-
ments to avoid deposition on the thermocouple probe. It also avoided the differ-
ences in temperature due to the heat transfer across the thickness of the soot layer.

Image 2 shows the experimental setup used for the temperature measurements.

Thermocouple inside the tube

Flame ‘

| _ Rotation
Outer ring

Bu_rner p-

Image 2. Experimental setup used for burner temperatures characterisation.

Since the aim of this experiment was to measure the temperature in the flame and
the corresponding dependence of the H,/O, ratio, the corresponding flow of pre-
cursor was replaced by adding the same amount of carrier gas only. These
conditions were used as a guide only because the equipment lacks temperature

monitoring system.
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The real temperatures in the flame vary with the heat exchange of the chemical
reactions that lead to the soot formation. Other parameters, such as extract flow,

traverse speed and distance from the burner to the substrate remained constant.

Temperatures of H,/O, flames in a stoichiometric ratio were performed using an R-
type thermocouple inserted directly into the flame and set on the same rotational

axis where the substrate is clamped during the deposition.

Graph 1 shows the flame temperature affected by varying the H, flows. Since the
flame was in a stoichiometric ratio, an increment of the temperature was observed

as the flows were increased.
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Graph 1. Hydrogen flow effect on flame temperature with stoichiometric ratio.

Temperatures of the H,/0, flame using different ratios were also determined using
the same setup previously described. The effect in temperature by varying the
H,/O, ratio are presented in two graphs. The previous stoichiometric results were
added as a reference. Graph 2 shows the changes in temperature as the O, flow is

modified, using fixed amounts of H,.
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Graph 2. Effect of varying the O, flows with fixed flows of H,.

Likewise, Graph 3 shows the changes in temperature as the H, flow is modified,
using fixed amounts of O,. The slopes of the plots in the previous Graph 2 indicate
a reduction of the temperature as the O, flow increases, whereas the slopes in

Graph 3 indicate an increase in temperature as H, flow increases.
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Graph 3. Effect of changing H, flows with fixed flows of O..
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By experimentation it was found that a H,/O, ratio of 0.466 yielded the amount of
oxygen required for the reactions of combustion and oxidation during the deposi-
tion process. Different glass compositions used different total flows but the ratio

was consistently 0.466 for the reasons above.

Using fixed flows and an H,/0, ratio = 0.466, temperatures of the flame were meas-
ured while modifying the flow of the shield gas. Argon is the gas for the protective

curtain and the carrier gas used in the system.
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Graph 4. Shield/Carrier gas flow effect on flame temperature.

A reduction in temperature is shown in Graph 4 as the flow of the shield gas in-
creases. The particular design of the OVD burner develops a stream mixture as
follows. The carrier gas flow with the reactants mix with the fuel gas first; then, it
mixes again with the shield gas; and finally, all the gases react with the outer oxi-
diser reagent flow.

Temperatures of the flame were measured using fixed flows of H,, O,, and Ar, with
an H,/0, ratio = 0.466; temperatures of the flame were taken while modifying the
height of the external ring of the burner - measured from the base plate of the
chamber. The increment in the flame temperature as the distance H was increased

is presented in Graph 5.
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Graph 5. Temperature change by varying the height of the outer burner ring.

The temperature rise observed as the distance was increased, is explained by the
fact that the flame remained confined at a closer distance from the substrate posi-
tion. An additional consideration regarding the hot zone position in the burner
flame is described below. Deposition flame changes were observed with the addi-
tion of the precursors to the flow. The flame changes were recorded and analysed

frame-by-frame.

Temperature at the sample

Image 3. Flame changes with the addition of precursors to the flow.

The initial frame shown in Image 3 represents the pure H,/O, flame, subsequent
frames show the evolution of the flame as the reactants are incorporated in the
flame after the MFC’s were switched on by the recipe commands. The red line of
Image 3 shows the change in temperature at the sample level measured during the

flame changes
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An initial low brightness is perceptible at the top of the flame; as it starts to become
more intense, the luminous zone moves down into a lower reaction zone until it
reaches a minimum position. It is essential to notice that also a change in flame

height occurs during this stabilisation process.

Experiments using the initial established conditions show signs of low-temperature
depositions. The changes in the flame led to a change in the reaction zone. There-
fore, the temperature of the deposition changes during this process of flame sta-
bilisation. The temperatures obtained in the burner characterisations had to be
adjusted to compensate the changes in the flame height; but, also to compensate

the changes in the reaction zone position.

2211 Discussion and Conclusion

Increasing a stoichiometric flow of the H,/O, flame has, as a result, a rise in
temperature of the flame. Increasing the flow of O,, using a fixed flow of H,, re-
duced the temperature of the flame. Because the system is not sealed, when the
H,/0O, ratio < 1 the combustion of H, uses the flow of O, and complements with
oxygen available from the surrounding atmosphere. Thus, any increase in O, flow

results in an excess that tends to cool down the flame.

Conversely, increasing the flow of H, using a fixed flow of O, tends to increase the
temperature of the flame. Any increase of fuel is going to burn in the presence of
oxygen and, as the flow of fuel increases, the energy released from the combustion

increases.

Increasing the inert gas flow reduces the temperature of the flame, but that is due
to the extra volume of the flow absorbing the energy from the combustion. An
increase of the temperature is evident when the outer ring of the burner is closer
to the substrate. The outer ring preserves the flame confined closer to the target,

and subsequently, the heat transfer is more efficient.

The experiments carried out with the initial established conditions resulted in cold
depositions. Parameters had to be adjusted to consider the fact that the flame
changes affect the reaction zone position and subsequently the temperature at the
sample level. After the flame behaviour was analysed, and the correspondent cor-
rections were made to the temperatures; it was possible to obtain a suitable soot

deposition for the following stages of the process.
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2.2.2 Burner traverse speed

During the process, it was noticed that the hot zone had a gap or a delay concerning
the position of the burner or the deposition zone. Thus, the initial traverse speed
condition of 0.100 m-min"' was reduced until no gap between the hot zone and

burner position was observed.

A difference in the temperature of at least 63% compared with the stagnation point
was recorded when the burner reached the probe position. Temperatures of an

H,/0O, flame using fixed flows and ratio were measured using an R-type thermocou-

ple.

The probe was inserted directly into the flame and set on the rotational axis of the
substrate as shown in Image 2 from the previous section. An example of the delay
or gap that occurs between the burner position and the hottest zone is shown in

Image 4.

Hot zone delay

Hot zone

Image 4. Effect of carriage traverse speed in target temperature. a) Delay of the
hottest zone with relation to the burner position for moving carriage,

and b) stationary point.
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Analysis of the traverse speeds of the burner was performed to match the burner
position with the hottest zone. During the experiments the speed of the traverse
carriage was established for different compositions to minimise the delay in the

hot zone. Table 1 lists the burner speeds determined according to the deposition

required.
. Traverse speed

Deposition .

[mm-min~]

SiO; Up to 0.020

Si0,/Ge0, > 5 Up to 0.020

Si0,/Ge0,< 5 Up to 0.015

GeO, Up to 0.015

Table 1.Traverse speed for OVD depositions with different flow compositions.

2221 Discussion and Conclusion

It is noticeable that a slight reduction of the traverse speed is needed for the highly
doped germanium-doped silica preforms and pure germania preforms. The differ-
ence of the heat capacity between the SiO, and GeO, may explain this experimental
result. This assumption is based on the fact that the heat capacity of the GeO, is
higher than that of SiO,, which means that the amount of energy to raise the tem-
perature in a determined volume of GeO, is higher than in the case of the same

volume of SiO,.

That explains why the traverse speed needs to be lower allowing the same amount
of heat from the flame be transferred to the preform, matching the hottest point

with the burner position.

The difference in position between the hottest point and the burner position could
provoke an excess of temperature which leads to non-desirable evaporation of the
GeO0,. Also, physical modification of the soot due to the high temperature could
worsen the physical properties mismatch, increasing the likelihood of cracks in the

soot.

An alternative solution to avoid the overheating of the deposition could be the re-
duction of fuel flow; however, reducing the energy in the system will impact directly

in the chemical reaction, making the soot fragile and liable to crack.
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2.2.3 Bait rod as a detachable substrate

Particular consideration had to be analysed for the use of a detachable substrate.
Characteristics of the substrate; the design of the handle; consolidation furnace
length, diameter and thickness of the deposition were among the parameters
evaluated. Finally, thorough analysis of deposition conditions was conducted to
obtain the soot characteristics preventing cracking or fractures during the bait rod
removal. Chapter 3 and Chapter 4 discuss this analysis extensively. In this section,

the requirements and design of the detachable substrate is discussed.

Two separate detachable tapered bait rods were investigated. A silica glass rod was
made in-house and an alumina rod that was bought from a commercial supplier.
Both bait rods were used with the same handle support/seal accessory shown in
Image 5. The seal prevents the escape of deposition fumes through the handle tube.
The construction of the seal includes a PTFE compression ferrule that relies on its
deformation by longitudinal compression; it also incorporates an O-ring to provide

better sealing.

Bait rod
Bait rod seal
Connector

for handle
and bait rod

Handle seal

Handle

Image 5. Support/seal accessory including a top seal for the bait rod and a

bottom seal for the handle.

The use of the alumina bait rod was found to perform better for the detachment
procedure; it also reduces the damage to the inner surface. The silica glass bait rod
was less reliable as it was more likely to jam. The silica substrate is no longer useful
when the deposition has more than 5 mol% of germania. However, the use of the

alumina bait rod required substantial modifications to the handle design.

The first problem is that the tight fit used on the silica glass bait rod cannot be
used with the alumina bait rod. The thermal expansion coefficient of the alumina

is about 14 times larger than the silica; this causes the silica handle to break by
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the expansion of the inserted alumina rod. The breakage occurs as soon as the
burner starts the preheating pass in the recipe. The assembly requires a gap be-
tween the bait rod and the handle to avoid the rupture of the handle. Nevertheless,
an intersection between the bait rod and the handle is required. Otherwise, the

resulting loose bait rod makes the preform joint brittle.

The difference between the diameters of the bait rod and the inner diameter of the
handle was another adverse factor. It was not possible to achieve a correct transi-
tion of the deposition from the bait rod to the handle. The overlap on top of the
handle is critical since it becomes the only support of the preform once the bait
rod is detached. An inadequate joint between the preform and the handle may
cause the preform to separate from the handle. That would compromise the pre-
form since there is no way to recover the deposition at this stage. Image 6 shows

the typical problems on the joint between the handle and the bait rod.

Image 6. Defects on preform/handle joint; a) Preform joint not deposited; b)
Preform with too low temperature detached from the joint; c) Preform

with too high temperature detached from the joint.

A new handle design shown in Figure 5 was introduced to overcome the problems
when using the alumina bait rod. A detailed fabrication process is described
in Appendix A; the main feature of this design is that the wall thickness of the joint
end was reduced. A simple stretching tube process usually does not work correctly.
The critical internal diameter is easy to collapse in excess, preventing the bait rod
from sliding inside fully.

"5 Critical interface
Handle = N

B = Critical
Bait rod diameters
i

nterference

Figure 5. Schematic of new handle design.
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After the implementation of the new handle; successful removal of the alumina bait
rod from the soot preforms was achieved. The new handle design is also useful for
the original bait rod design made from glass. An example of the alumina bait rod
removal is shown in Image 7 the evolution of the deposition step by step as well as
the final preform before and after the alumina bait rod removal.

Image 7. Evolution of the preform joint and deposition techniques that enables

successful bait rod removal.
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The stages shown in Image 7 are as follows: a) first layer; b) the well-executed joint
of the preform; c) self-supported preform. At this stage the bait rod can be de-
tached without any risk to the preform or joint; d) final preform; e) preform assem-
bly before removal of the bait rod; f) preform without bait rod. The preform after

bait rod removal does not present cracks or fractures.

2231 Conclusion

The use of the handle support/seal accessory prevents the escape of deposition
gases through the handle tube to the outside. At the same time, it operates as a
fixed point for the bait rod. The new handle design allows overcoming the chal-
lenges of the bait rod removal, and it can be used with the glass and alumina sub-
strates.

The depositions made using this handle design and following the deposition con-
ditions described in this report can be successfully detached without fissures at the

interface between the soot body and the bait rod.

224 Solution doping apparatus

With the aim of increasing the fabrication capabilities of the OVD process, it is
intended to have a solution doping process. The current techniques used for MCVD

preforms are not suitable for OVD soot preforms.

Nevertheless, the same principle was used to build-up the first prototype of an
apparatus which allows the solution doping technique to be used with OVD soot
preforms. Also, the drying process had to be redesigned, enabling all the solvent
to evaporate from the soot preform.

The OVD soot preform was soaked inside a tube as shown in Image 8. A peristaltic
pump controlled the filling speed of the solution. Once the soot body was soaked,
it was possible to observe the volume of the solution being absorbed by the porous

soot preform.

A significant reduction (12% - 50%) of liquid volume after draining the solution was
noteworthy. The variation of volume absorbed by the soot preform depends on the
size of the preforms. The experiments reported in this section were using preforms
of 6 and 12 layers of soot deposition.
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The amount of solution absorbed is related to the available porous volume inside
the soot preforms, with bigger diameters retaining more volume of solution. After
soaking an increase of the weight of the preform is noticeable. Also, soot density
in the preforms is an additional factor that determines the volume of liquid that

can penetrate into the preform.

Handle

Solution Container

Clamp

Preform joint

OVD soot preform

Liquid level

Filling direction

Liquid input

Image 8. Solution doping of OVD porous soot preform.

Preforms were kept in a vertical position to avoid rupture of the joint due to the
increased weight of the soaked soot. The preforms were then dried overnight at
room temperature under continuous extract flow to evaporate a significant amount
of solvent. Nevertheless, an additional controlled heat drying process was required.
Therefore, a preform drying apparatus was proposed, which utilised a Heathway
MCVD lathe bed for its setup.
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Gas input tube

Thermocouple MCVD lathe chuck
Output tube

MCVD carriage Thermocouple Handheld

Image 9. Experimental setup for drying apparatus characterisations.

Temperature profile measurements were taken from the drying setup shown in Im-
age 9 by replacing the soot preform with a R-type thermocouple placed in the cen-
tre of the lathe axis. Measurements provided information on the gas flow temper-

ature profile along the setup.

A stationary burner with a H,/0O, ratio of 2 was used for heating a N, flow of 2000
sccm. The temperature was measured with the preheated gas flow at 290 mm from
the burner. Graph 6 shows the information obtained after several sampling inter-
vals of 5 minutes. It was possible to observe that the temperature tends to stabilise
after 30 minutes to around 314 K. This temperature was too low for the efficient

evaporation of the solvents inside the soot preform.
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Graph 6. The temperature of gas flow in drying apparatus at L=290mm from

burner position.

It was expected that reducing the distance between the burner and the thermocou-
ple would increase the temperature. However, because the solution contains sol-
vents; it was mandatory to identify the real temperatures along the device. It is
shown in Graph 7 the temperature behaviour while reducing the distance between
the R-type thermocouple and the burner position. Same conditions described be-
fore with a stationary burner and a H,/O, ratio of 2 for heating a N, flow of 2000
sccm were used. For this part of the characterisation, the thermocouple was the
element in motion. Readings were taken at 5 min interval in each position allowing

time for the thermocouple measurement to stabilise.
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Graph 7. Temperature gradient along the length of the drying apparatus.

Another option for increasing the temperature in the drying process of the soot

preform was moving the carriage at a fast speed to provide additional heat for a

short period. Temperature measurements with the thermocouple at a fixed point

and using the traverse speed of the burner were also performed and are shown in

Graph 8.
700
\ —®— Traverse speed at 27 mm-min'1
650 - \\ —-A— Traverse speed at 100 mm - min’!
N
AN

600 A \\
2 550 - N
(]
§ A\ \\
S 5001 T~ N
8 \\\ \\
£ 450 - S~o AN
[ o N

N \\
400 - N AN
e N
N
350 ~ \\
)
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Graph 8. The temperature of gas flow in drying apparatus using burner traverse

motion. The lines are drawn as a guide for the eye.
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Finally, a horizontal drying setup was established using the information obtained
from the drying apparatus characterisation. The drying setup was implemented in
one MCVD lathe as shown in Image 10. The setup allows the porous soot preform
to dry in a controlled way, using a preheated gas atmosphere. The apparatus ena-
bles the use of different lengths of preform/handles sets, which give particular

versatility to the process.

Gas input tube Output tube

MCVD carriage MCVD lathe chuck

Image 10. OVD solution doping drying setup.

2241 Conclusion

The solution doping technique has been successfully demonstrated using the ap-
paratus proposed. The significant solvent volume retained by the porous soot pre-
form is a good indication of the permeability of the soot. The further analysis pre-
sented in Chapter 8 shows the incorporation of the dopants added to the preform.
The drying apparatus can still be improved in the temperature control. The possi-
bility to use a vertical setup and a more stable heat source is part of the further

development required for this technique.
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Chapter 3 OVD Process Analysis

The detachable bait rod described in section 2.2.3; and the solution doping de-
scribed in section 2.2.4 are indeed the result of a long process of establishing the
correct parameters for the soot deposition. In this chapter, the analysis of the dep-

osition conditions is discussed.

The initial part of this chapter evaluates the dominant chemical reactions that occur
in the OVD. This also, identifies the differences between the ORC system and the
equipment that reported in the literature, and how this differences promote differ-

ent reaction paths, and which parameters require consideration.

After the porous soot preform has been obtained; it is necessary to dehydrate it to
remove the OH content, and then the preform can be sintered into a transparent
glass. Parameters for the process of dehydration and consolidation are also

discussed in this section.

The information contained in this chapter was also essential for the development
of the following chapters in this thesis. Notably, the development of germanosili-
cate glass reported in Chapter 6; Germania glass reported in Chapter 7; and Phos-
phosilicate glass reported in Chapter 9 were based on the information provided in

the following sections of this chapter.

3.1 Characteristics of the deposition

Extensive analysis is required to understand the reactions between the precursors
and their dependence on temperature. Parameters such as burner design and stoi-

chiometry of the precursors and fuel modify the reaction conditions.

The incorporation of dopants modifies the thermodynamic reaction parameters,
even to the point of suppressing the deposition. Also, different intermediate prod-

ucts may be formed during the process which also requires investigation.

Since the compactness of the soot depends on the deposition parameters3243:485051
it is necessary to evaluate the conditions for each of the precursor(s) mixtures and

deposition temperatures.
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Numerical and experimental studies have reported the hydrolysis and oxidation of
silica and germanium-doped silica preforms as the assumed reactions during the
external vapour deposition processes such as VAD and OVD; nevertheless, these

reports do not explain formally which of the reactions occur or how they occur.

In the literature, the process of heat generation is typically reported including me-
thane oxidation flame; and the chemical delivery systems using O, as the carrier
gas®?6:4347485256 For the case of the OVD equipment in the Optoelectronics Research
Centre, the heat source is provided by an H,/0, flame and the carrier gas is Ar as
described in Chapter 2.

Burner configurations also affect how the reactions undergo. A shield gas between
the O, and H, prevents the premature mixing of the fuel and oxidiser. Likewise,
there is no formal explanation about how the reactions undergo in the systems
with H,/0, flame burner deposition, or how the use of O, as a carrier gas modifies

the conditions of the reaction336:445057:63

A VAD system using argon as a carrier gas was described by Potkay et al.**. The
system had a specific design for germanium-doped silica soot preforms and used
a central tube with a mixture of SiCl,, GeCl, and argon. It was followed by a
secondary tube with a mixture of SiCl, and argon for the jacketing of the preform
core. Unfortunately, there is no information about the reactions and their temper-

ature dependence in the report.

Information obtained from thermodynamic analysis provides critical information
for the deposition of SiO,, SiO,/Ge0, and GeO, soot porous preforms. The reactions
studied are listed below in a stoichiometric reaction followed by their molecular
structure®®. Extended data for the SiCl, reactions described below is available

in Appendix B.

Sicl, si + 20,

Si Cl—Cl

Equation 1. Silicon tetrachloride dissociation.

SiCl, 2H, 4 HCl Si

5 H H Cl H Si
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Equation 2. Silicon tetrachloride reduction.

28iCl; + 3H,0 + O, » 4HCl + 280, + 2Cl, + H,0

Cl H J Si02 L Cl Cl t H 0 H

Equation 3. Silicon tetrachloride hydrolysis (1).

sicl, + 2H,0 + O, — 4HC + S0, + O,

Si + H H + o=o0 k. Cl—H 5102 F 0==0

Equation 4. Silicon tetrachloride hydrolysis (2).

2SiCl, + 2H,0 + O, 4HC + 2Si0, + 20,

Si + H H + o=0 r Cl—H 1 Siog + Ccl—cl

Equation 5. Silicon tetrachloride hydrolysis (3).

Sicl, + 4H, + 30, — 4HCl + Si0, + 2H,0 + O,

Cl H T Si02 T H()H T (8 (8]

Equation 6. Silicon tetrachloride reduction and oxidation (1).

SiCl, + 2H,0 — 4HCl + SiO,

Equation 7. Silicon tetrachloride hydrolysis (4).

sicl, + 4H, + 20, — 4HCl + Si0, + 2H,0

Si * H H * O0=0 'ttH'-SiogiHOH

Equation 8. Silicon tetrachloride reduction and oxidation (2).
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Sicl, + 2H, + O, 4HCl + SiO,

H—H 0==0 | H Si0,

Equation 9. Silicon tetrachloride reduction and oxidation (3).

sicl, + O, 2¢l, + sio,
|
0O ) Cl Cl SiO:

Equation 10. Silicon tetrachloride oxidation.

The changes in the flame happening during the addition of precursors are also
essential to understand the behaviour of the temperature with the addition of pre-
cursors in the reactants flow. Burner flame studies support the characteristics of

the flame temperature and their behaviour along the flame®¢’,

311 Deposition parameters

Observations during initial test depositions showed a relation between temperature
and compactness of the soot. High-temperature depositions resulted in soot more

compact, and if the temperature is too high, the deposition can partially sinter.

Based on the fact that the reactions involved are exothermic, a positive change of
temperature is expected as a result of adding the precursors to the flow. Thermo-
dynamic analysis of the possible reactions during deposition was performed with

the aim of validating the reactions involved and the likelihood of their occurrence.

The author decided, based on his previous research experience, to use the Elling-
ham diagrams for the thermodynamic calculations. This analytical tool is widely
used by materials scientists and has its origins in metallurgy®. It is primarily used
to evaluate the likeliness of the reduction of metal oxides and sulphides. The El-
lingham diagrams assume the thermodynamic principle that any reaction depends
on the change of the Gibbs free energy (AG). Equation 11 shows the relation be-
tween AG; the temperature in the system T; the change in Enthalpy (AH) and the
change in Entropy (AS).

AG =AH —TAS
Equation 11. Gibbs free energy change as the principle for Ellingham diagrams.
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The Ellingham diagrams plot the AG for the reaction as a function of temperature.
It is important to mention that this thermodynamic analysis neglects the kinetics
of the chemical reaction. Therefore, it is possible that despite having reactions that
were predicted as favourable in the Ellingham diagrams; the reactions can happen
at a very slow rate. Also, Ellingham diagrams assume certain conditions which may
exclude relevant information, such as the melting and boiling point, or crystalline
phase transitions of the GeO, which needs to be carefully considered. Extended
thermodynamic calculations data for the analysis presented in this chapter is avail-

able in Appendix C.

Graph 9 shows the Ellingham diagram calculated for the possible reactions involved
in the OVD system, accordingly with the precursors and substances available to the
process. It shows that the reaction in Equation 1 is endothermic, and it is highly

unlikely to happen under the experimental conditions of the OVD process.

Equation 2 also represents an endothermic reaction but turns it into an exothermic
reaction at a temperature of ~ 1652 K. The presence of H, and high temperatures
may result in pure silicon deposition. However, these reactions require the absence
of O,, which is not the case. Both of the previous reactions were analysed to ensure
the likeliness of an additional reaction of the gases before its incorporation with
the O,.

T=1000K T=2000K
800 A

600 -

SiClg =>Cly +Si

400 -
— 200 A SiCly + H2 => HCI + Si
°
£ T=2773K
— 0  SiClg + HpO + 0y => HCI + Si0; + Cly + Hp0
=, SiClg + H30 + O => HCI + SiO5 + O;
Q
<

SiClg + Hp0 + Oy => HCI + SiO5 + Cly
-200 A SiCl4 +Hy + 05 => HCI + Si05 + H,0 —————= SiCly +Hp + 0y => HCI +5i0; + Hy0 + 0,
SiCly +Hy + 05 => HCl +Si0,  SiClg + Hp0 =>HCl + Si0;

-400
SiCly + O3 => Cly +Si0)

-600 -

-800 -

Graph 9. Ellingham diagram for all the reactions identified for the OVD deposition

process.

By discarding the endothermic reactions, the Ellingham diagram showed in Graph

10 only considers the exothermic reactions. The reaction from Equation 10 seems

39



Chapter 3 OVD Process Analysis
to be the most thermodynamically favourable. However, the conditions for this re-
action are given in the case of using O, as a carrier gas, as with the MCVD process.

Moreover, the presence of H, in the reaction zone suppresses this reaction path.

T=1000K T =2000K
0 T =2773K
SiCl4 +[Hy0 + 05 => HCI + 5i0; + Cl +/H,0
SiCly + Hy0 + 0p => HCI + Si0;, + O
-100 SiCl4 + Hy0 + 05 => HCI + Si0 + Cl,

SiClg + Hy + Oy => HCI + Si0; + H»0 + O

200 - SiCl4 + Hy0 => HCl + SiO5
) SiClg + Hy + 05 => HCl + SiO; + H0

SiCl4 + Hp + O => HCI + SiO,
-300 A

-400 A

AG [k) mol™!]

-500 A SiCly + 0y => Clp + Si0)

-600 -

-700 -
T=2000K

Graph 10. Ellingham diagram for only exothermic reactions identified for the OVD

deposition process.

Represented in Graph 11 are the remaining possible reactions to the system. The
reactions below satisfy the conditions for the OVD equipment of the ORC. The pre-
vious assertion is considering the availability of the substances in the reaction zone,

but also the thermodynamic conditions present in the system.

T=1000 K T =2000K
0 T=2773 K
sicly - Hy0 + 0, => HCl + 510, + €l I+ H20
| SICly + Hy0 + 0y => HCl + SiO5 + Oy
100 1 |
SiClg + Hp0 + 0y => HCl + Si05 + Cl
- SiClg +Hp + 0y => HCI+SiO|2+H20+02
S . . .
iCl4 + Hy0 => HCI + SiO,
€ 200 | |
= .
= |
= SiClg + Hyl+ 04 => HCI + S0 + Ho0
g |
<
| SiCI4|+ Hy + 05 => HCl + Si0,
300 1 | |
400 - | |

Graph 11. Ellingham diagram for the reaction conditions of the OVD System.
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The reactions from Equation 3, Equation 4, Equation 5 and Equation 7 consider H,O
as a reactant. The assumption of having H,O as a reactant can be correct if the
design of the burner combines the mixture of H, and O, without a shield gas.
Alternatively, the burner should have additional fuel/oxidiser outer rings. For both
cases, the hydrolysis reaction would happen separately to the oxidation/reduction
of the precursors. However, for the OVD burner design that was in use for the
experiments in this thesis, this is not the case. The H,0 is not a reactant and there-

fore is not an input for the chemical reactions.

T=1000K T=2000K
T=2773K

-100 A

SiClg + Hp + O3 => HCI + SiOp + HpO0 + O3

°
E 200 - _ .
~ SiClg + Hp + O => HCI + SiO + H0
Q
2
SiClg + Hp + O => HCl + SiOp
-300 A
-400

Graph 12. Ellingham diagram for the dominant reactions on the ORC-OVD system.

The three reactions in Graph 12 represent the remaining exothermic reactions
which satisfy the thermodynamic requirements. This reactions have a decrease in
entropy, as it can be noticed from the slope of the plots. The reaction expressed in
Equation 9 is the ideal stoichiometric reaction. However, the reactants flows of the
burner at stoichiometric conditions do not reach the temperature required to make

a deposition with the desired characteristics.

In fact, reactions from Equation 9, Equation 8 and Equation 6 are the same reactions
affected by stoichiometric conditions, and their differences mainly depend on the
oxygen availability. Given the conditions required for the depositions, the reaction

indicated in Equation 6 is likely to dominate the process.

Based on the previous discussion, the reactions of SiCl,/GeCl, and GeCl, will now
be considered taking place in the same reaction path as Equation 6. The reactions

for SiCl,/GeCl, are conditioned to the molar fraction of the reactants in the flow.
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Graph 13. Impact in AG by the molar fraction of GeCl, at different temperatures.

Graph 13 shows how the thermodynamic conditions are less favourable as the

amount of GeCl, is increased. Higher temperatures facilitate the reaction regardless

of the molar fraction in the flow composition.

T =1000 K T =2000 K
400 -
200 -
GeO(s)
_— T=2773K
" GeO(g)
o
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) —
Q M~ — — — —
& ~. —
-400 —— . T—
-600 - \"\"\"\u\,.\u\f\Ge02 - 100 mol%
"'GeO7 - 0.01 mol%
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Graph 14. Ellingham diagram for germanium oxides.

The possible reduction of GeO, into GeO was analysed. Graph 14 shows the ab-
sence of an intersection between the GeO thermodynamic slopes. The GeO, reac-
tion conditions, for the range of 0.01% - 100% mol, is also not intersected by the
GeO thermodynamic slopes. Moreover, the energies required to reduce the GeO,
into GeOg, and GeO, are available from temperatures beyond 1735 K and 2754 K
respectively. The reduction into pure germanium was not analysed for deposition
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condition purposes because the energy in the system during the deposition is not

enough to enable these reactions.

3111 Conclusion

The deposition parameters for pure silica soot preforms were experimentally
demonstrated being less sensitive than the germanium-doped silica preforms. The
main difference is due to the thermodynamic and physical property differences be-
tween SiO, and GeO..

Deposition of silica at 1500 K is readily achievable. However, at that temperature,
the GeO, is evaporated. The reduction of temperature helps the GeO, deposition,
but it is required in such magnitude that the silica soot starts to lose the density

required and fails typically by cracking.

For each SiO,/GeO, ratio, it is necessary to recalculate all the parameters, since
there is no real-time temperature measurement which would allow modelling of a
parametric relation between mol% and deposition temperature. Pure GeO, deposi-
tions have been performed successfully; however, the thermodynamic conditions
are on the limit, which requires further calculations to modify the system extending
the range of deposition operation.

3.2 Dehydration and consolidation

The dehydration process aims to remove the hydroxyl radicals trapped inside the
porous soot preform during the deposition by the hydrolysis flame. Nevertheless,
when changing the composition of the deposition, it is required to make a thorough
analysis of the dehydration process, owing to the possibility of undesirable reac-
tions that may happen at high temperatures®*®7°, Similarly, a more meticulous anal-
ysis of the consolidation process must be carried out, owing to the possibility of
undesirable reactions that may happen at high-temperatures. Also, the influence of

different atmospheres is desirable to be studied®*.

321 Dehydration parameters

Dehydration of the porous soot preform is a second step which was carried out, for

this study. The process employs a vertical electrical furnace with rotational and
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lengthwise feed/retraction options. The process was set on idle mode at a temper-
ature of 1073 K to prevent devitrification and reduce the risk of rupture due to

large thermal cycles.

The dehydration process involved placing the preform in the furnace and ramping
up the temperature to 1315 K at a controlled rate of 10 K-min'. During the dehy-
dration process, a He/Cl, atmosphere flowed inside the liner tube at a ratio of
16.66. Feed speed of 0.010 m-min" and a retraction speed of 0.025 m-min"' was
used to drive the preform lengthwise through the hot zone of the furnace. A rota-

tion speed of 3 RPM was used to enhance the uniformity of the process.

Thermodynamic analysis of the possible reactions during the dehydration process
was performed. Following the same methodology previously used to analyse the

deposition conditions, all the possible reactants and products will be analysed.

Independent of the molar concentration or phase in which the GeO, is deposited in
the porous soot preform, the GeO, needs to be calculated as a possible reactant,
which is counterproductive to the idea of obtaining GeO, from the process. Graph
15 describes the GeO, stability and its possible reductions. The temperature cur-
rently used in the dehydration process is added as a reference in the graph. It is
shown that the GeQ, is stable up to ~1650 K when the reduction into GeQ, starts

to dominate the process.

T=1000K T=2000K
600 1

500 -+

400 - T

dehydration

200 A

AG [k mol ]

100 A GeOs

OT——— ' T=2773K

-100 A GeO(9)

-200 -

Graph 15. Ellingham diagram for the reduction of GeO..

In addition to the thermal reduction, and based on the He/Cl, flow during this fab-
rication step, the halogenation of the GeO, was considered as the next principal

reaction during the dehydration process.
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Graph 16. Ellingham diagram for GeO, in the Cl, atmosphere.

Graph 16 shows the Ellingham diagram for the halogenation of GeO, into GeCl,
using the thermodynamic conditions of the dehydration process. It is observed that

the formation of GeCl, is possible under the dehydration conditions.
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Graph 17. Ellingham diagram for the halogenation of GeO,.

Graph 17 shows the halogenation reaction of the GeO.. It is noticeable that the
temperature of 1259 K determines the critical point in which the system acquires

the amount of energy necessary to proceed with the halogenation.

The information provided by the previous analysis makes clear that the dehydration
conditions are not suitable for the germanosilicate preforms. Evidence of the inad-

equate conditions for the dehydration process in germanosilicate glass is shown in

Chapter 6.
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The proposed solution to overcome the halogenation of the GeO, was to add O,
flow during the dehydration process. The use of additional O, flow in the gas deliv-

ery system sets back the halogenation reaction.

T=1000 K T=2000K

300 -
T

_ dehydration

200 A

100 ~

'T-—- GeOZ
© ; _
€ 0 : ,T=2773K
iy ,/><’/ —
3 GeO, + Cl, => GeCl, + O,
-100
GeO (g9)
-200 -
GeO, + Cl, + 0, => GeO, + Cl,
-300 -

Graph 18. Ellingham diagram for GeO, stabilised with a flow of oxygen during the

dehydration process.

The calculations for the modified flow conditions are presented in Graph 18. The
Ellingham diagram shows that the incorporation of O, into the gas flow during the
dehydration process is effective, and allows the dehydration of the germanosilicate
preforms without reconverting the GeO, into halide while still maintaining the de-
hydration temperature required for the silica. Also, the incorporation of O, during
the dehydration process sets back the thermal reduction into GeO at high temper-

atures.

In the interest to understand if any additional reactions were happening with the
silicate glass, additional thermodynamic calculations were carried out. The result-

ing Ellingham diagram for the SiO, stability is shown above.
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Graph 19. Ellingham diagram for SiCl,.

Graph 19 shows that the formation of SiCl, by the halogenation of SiO, in the Cl,
atmosphere is not possible. The SiO, has high stability during the dehydration pro-
cess. There is not sufficient energy in the system to enable the halogenation; hence,

no further analysis was performed for the pure SiO, porous soot preforms.

3211 Conclusion

Dehydration conditions for pure silica preforms are suitable, and there are no sec-
ondary reactions between the reactants and products as demonstrated by the ther-
modynamic analysis in this report. However, for the germanosilicate and pure ger-
mania soot preforms, the originally proposed dehydration conditions are unsuita-
ble. As a result of the thermodynamic analysis, the halogenation reaction of GeO,
has been identified as the primary problem. The halogenation of GeO, reduces its
content inside the porous soot preform, which explains the low content of the com-

pound shown in Chapter 6.

It has been determined that it is compulsory the use of oxygen during the dehy-
dration process to suppress the halogenation. New programs on the electrical de-
hydration furnace were developed to achieve the correct temperature in the system

for each particular case.

322 Consolidation parameters

The last process of obtaining the clear glass OVD preform is the consolidation. The

process was also performed in the vertical electrical furnace. The temperature was
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increased to 1848 K at a controlled rate of 10 K-min'. During the consolidation
process, a He atmosphere was flowing inside the liner tube. Lower feed speed of
0.005 m-min' was used during this stage, allowing the preform to turn into a clear
glass. Rotation speed remained unchanged. The conditions were experimentally

determined using the viscosity curves of the glass as a starting point.

In agreement with Graph 19 from the previous section, the pure silica preforms
showed no further reactions due to the consolidation parameters. During consoli-
dation, the SiO,/GeO, and GeO, soot preforms are vulnerable to thermal reduction.
Considering that helium flows are only used during this fabrication step, there is

no other significant reaction during the consolidation process to consider.

T=1000K T=2000K
600 -

500 -

400 -

Tconsolidation

200 A

AG [k) mol ]

100 - GeO,

S ———— : T=2773K
-100 - GeO(9)

-200 -

Graph 20. Ellingham diagram for reduction of GeO, into GeO, during the consoli-

dation process.

Graph 20 shows the temperature of ~1650 K when the reduction into GeO,, starts
to dominate the process; at this temperature, the system acquires the amount of
energy necessary to proceed with the reduction. Similarly, than in the case of the
halogenation problem faced during the dehydration process, a flow of O, can be
incorporated to set back the GeO, reduction into GeOg. Unfortunately, as men-
tioned in section 3.1.1, the Ellingham diagrams not necessarily provide all the rel-
evant information for the reactions. It is important to consider additional properties
of the compounds to identify critical points such as phase changes, melting and

boiling points.
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Graph 21. Ellingham diagram for GeO, stability including melting and boiling point.

The information of melting and boiling points was added to the GeO, Ellingham
diagram shown in Graph 21. A thorough analysis of the thermodynamic conditions
provided essential information. Calculations suggest that the reduction of GeO,
into GeO is only possible after the GeO, is vaporised. Therefore, it is not expected

to have GeO in the soot preform.

The information also revealed that the consolidation parameters require modifica-
tion for germanosilicate and pure germania soot preforms. Temperature reduction
during the consolidation process was performed to avoid evaporation of GeO,. The

higher the concentration of GeO, the lower the temperature.

Preforms sintered at lower temperatures exhibit a non-fully transparent appear-
ance, due to the uncompleted sintering of silica. However, an indication to evaluate
the correct consolidation process is that the preforms most be translucent. If the

preform is opaque, then the consolidation temperature was too low.

3221 Conclusion

Consolidation conditions for pure silica preforms are suitable as demonstrated by
the thermodynamic analysis in this report. Nevertheless, for the germanium-doped

and pure GeO, preforms, the consolidation conditions are entirely unsuitable. As a
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result of the thermodynamic analysis, the GeO, mol% composition of the preforms

governs the temperature at which the preform requires to be consolidated.
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Chapter 4 Silica Glass

The development of pure silica glass was an essential part of this research project.
It is the primary component in the preform fabrication processes. The importance
of the silica soot depositions in not only related to the possibility of adding dopants
to change its refractive index. It is also the material used as cladding in the optical
fibre preforms. High quality glass is required to have an effective waveguide with-

out adding losses due to scattering or absorption in the glass.

The depositions of pure silica can be used for over cladding preforms. Nowadays,
this process is achieved by inserting the desired preform inside of a tube made of
the same glass. This process is commonly known as sleeving or jacketing. It re-
quires heating the preform and the tube at elevated temperatures and usually the
application of vacuum to minimise the bubbles in the interface. The main compli-
cation of this process is the preform and tube size availability, which not always

match the desired core to cladding ratio of the preform.

Pure silica depositions can satisfy the demand for over cladding the preforms. It is
possible to control the thickness of the deposited glass to the desired new outer
diameter. Additionally, the interface is not liable to defects such as cracking for

stress or bubbles like in the case of the conventional procedures.

In this chapter the characteristics of the pure silica depositions is discussed as well
as the properties of the consolidated silica glass. The experimental work in the
following sections complements the thermodynamic analysis from the Chapter 3,
and it was used as a foundation for the following chapters. Silica glass is also the
main component of other types of glass hosts such as germanosilicate, aluminosil-

icate and phosphosilicate.

4.1 SiO, deposition via OVD

Pure silica depositions were performed on CFQ substrates with varying deposition
conditions to determine the soot particle size and porosity. Different H,/O, flows
at a ratio of 0.466 were used. Samples were prepared for characterisation of SEM

and powder diffraction XRD.

51



Chapter 4 Silica Glass

The main feature required in the pure silica preforms is to incorporate soot with
enough compactness and strength to remain together at the moment of detach-
ment from the bait rod. Also, the control of the porosity in the soot is critical.
Depositions too loose tend to crack; on the other hand, depositions too compact

may prevent the detachment of the bait rod.

Image 11. Deposition samples for SEM and XRD characterisations.

Pure silica depositions were performed on the edge of CFQ rods with various dep-
osition conditions to determine the particle size and porosity of the soot as shown
in Image 11. Micrographs from SEM have been acquired; however, an increase of
magnification, tended to produce blurred images because the samples are not con-
ductive, and, even when setting the SEM to variable pressure mode, it was not pos-
sible to focus the image on a single aggregate of soot particles. Image 12 shows a
low magnification micrograph of the soot; it is possible to appreciate the small

particles making up aggregates which at the same time form bigger soot entities.

52



Chapter 4 Silica Glass
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Image 12. Micrograph of a pure silica soot deposition.

A powder diffraction XRD analysis was performed on a pure silica OVD deposition
to investigate crystallinity of the soot bodies. Diffractogram presented on Graph

22 shows no evidence of crystalline form in the silica soot deposition.
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Graph 22. Diffractogram of OVD pure silica soot deposition.

The powder diffraction was measured in the UK National Crystallography Centre.
The equipment used was a D2-PHASER from Bruker. The conditions used for the
measurement were A=1.541A; increments of 0.006; starting 26 position at
10.002deg and a total of 1364 steps.
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OVD glass

CFQ substrate
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Image 13. Micrograph of a consolidated OVD deposition on top of a CFQ rod.

Initial depositions on CFQ substrates were performed to study consolidation pa-
rameters. SEM image in Image 13 shows an OVD deposition consolidated on the
surface of a CFQ rod used as a substrate. It is evident the lower density on the outer

section of the sample where the OVD deposition was consolidated.

Image 14. Removal procedure of bait rod.

Porous soot preforms with sufficient strength have been successfully detached
from the bait rod as shown in Image 14. The removal procedure is as follows: a)
the soot preform is grabbed with one hand from the end of the handle; b) the bait
rod is held by the other hand; c) the bait rod is pulled out maintaining a straight
linear movement; d) the bait rod passes the joint; e) the bait rod has been

completely removed; and f) the perform is visually inspected.
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Image 15. Silica soot body attached to its handle.

The density of the soot body depositions was analysed using an indirect technique.
Preform attached to its handle and without bait rod as shown Image 15 were used.
The external dimensions of the soot body were obtained by projecting the image
of the soot body into a fixed background. Since the ratio between the projected
image and object were known, then the dimensions from the projected object were
calculated. Based on the projected images a 3-D model was built to determine the
volume of the irregular shape. The handle is not represented in Figure 6; however,

its dimensions were used to reproduce the internal features of the 3-D model.
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Figure 6. 3-D model of the silica soot body.

By using the volumetric information from the 3-D model and the total soot weight,
it was possible to calculate the preform density. The handle and the support base
were weighted previously with a standard deviation of 0.0045g and 0.0074g re-
spectively. Table 2 shows the parameters used to calculate the density of the soot
body.

— . —~

84.923
63.928
155.01
6.16
19.388
0.317

Table 2. Silica soot density analysis.

After consolidation preforms fabricated using 6 and 12 layers produce a rod with
final diameters of ~6mm and ~12 mm respectively. Image 16 shows the consolida-

tion process of a pure silica preform made in-house.
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Image 16. Fabrication sequence of transparent silica preform; a) soot preform, b)
dehydration process, c) consolidation process, d) transparent glass

preform.

The refractive index profile of the fabricated preforms was measured to confirm
the OVD glass refractive index. Using a preform profiler PK-2600 the refractive in-
dex at A=633nm is shown on Graph 23. The measured refractive index agrees with

the calibrated refractive index for pure silica on the system.
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Graph 23. Refractive index profile of an OVD pure silica preform.
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4.1.1 Conclusion

The established fabrication conditions allow the Optoelectronic Research Centre to
produce high-quality silica preforms up to 25 mm in diameter and 500 mm length.
Additionally, outer depositions of pure silica on top of a substrate or a preform can

be helpful to avoid multiple operations required for the over cladding of preforms.

An additional advantage of adding pure silica cladding material using the OVD pro-
cess is to avoid the undesired and inevitable bubbles and scratches that are evident

during the sleeving or jacketing process.

The development of the silica glass was fundamental to establish the initial condi-
tions for more complex glass compositions. With the availability of pure silica soot
preforms, it was possible to explore the addition of dopants that can be added
after the deposition. In the following Chapter 5, it is described the fluorine incor-
poration into the silica glass for lower the refractive index of the glass. Following
chapters used the results of the previous sections for the development of germano-

silicate glass; germania glass; aluminosilicate glass and phosphosilicate glass.
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The demand of fluorine doped glass has multiple application such as the over clad-
ding of optical preforms. Nowadays, this process is achieved by a process com-
monly known as sleeving or jacketing, described in the previous chapter. In addi-
tion to the size availability problem, the fluorine-doped tubes have a significant
drawback; they are incredibly costly. OVD depositions doped with fluorine can sat-
isfy the demand for over cladding the preforms, minimising the need for costly

stocks or long lead times from the suppliers.

51 F-doped silica

Fluorine as a dopant reduces the refractive index of the silica glass. In the fibre
laser industry, especially for high power applications, F-doped silica substrates are
widely used to achieve an outer secondary or a third waveguide structure” ¢, see
Graph 24 and Graph 25 respectively. This particular optical fibre configuration is

known as cladding pump optical fibre.

2D Measurement Data at 633nm X 1[]_4
1 !

e, __:

-200

-1580 H

-100 4

50 -1

¥ position (microns)
=
|

50 o4

100

150

G

-200  -150 -100 -50 0 50 100 150 200
X position (microns)

Graph 24. Two-dimensional fibre refractive index profile of a commercial double-
clad fibre.
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2D Measurement Data at 646nm
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Graph 25. Two-dimensional fibre refractive index profile of a commercial all-glass

triple-clad fibre.

Specific applications, mainly in the UV spectral region, also require the incorpora-
tion of fluorine into the glass to improve its performance. Alternatively, fluorine-
doped silica rods are also used as a core material for a variety of applications in

the photonics industry™7.

The difference in the refractive index can also be achieved by using a low index
polymer such as an acrylate. Nevertheless, specific applications prefer the all-glass
structure due to particular absorption of the coating materials or because the glass
offers higher mechanical and thermal stability compared to the polymers used for
this purpose®.

Unfortunately, in addition to its lower softening point, the fluorine-doped tubes are
considerably more expensive than the high-quality substrates used for the conven-
tional MCVD process. Therefore, this type of tubes is regularly used only as a jack-
eting material. It is common that these fluorine-doped tubes are processed multiple
times to match the desired waveguide characteristics such as core to cladding ratio
and final cladding diameter. Conventional processes such as stretching and sleev-

ing can add stresses to the glass making it liable to fail.
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One route to achieve a low index cladding is via an OVD silica deposition that can
be added on top of a conventional MCVD preform for following treatment in fluo-
rine rich atmosphere to lower the refractive index. The thickness of the desired
deposition can be tailored according to the requirements. The approach can poten-
tially prevent the lengthy processes required to match the required specification by

using the limited availability of sizes in commercial fluorine-doped glass.

A fluorine incorporation study on pure silica soot bodies was carried out, and the
refractive index of the consolidated preforms was measured. Four pure silica soot
bodies were fabricated with the same recipe with a porous body made of 6 layers.
The consolidation conditions remained constant for all the samples. The experi-

mental run was as described in Table 3.

Thickness loss

Preform SF./He ratio An [x107°]

[mm]
OVD_FO 0.000 0.0 0.0
OVD F1 0.010 -3.4 -0.292
OVD_F2 0.250 -4.6 -0.310
OVD F3 0.100 -6.0 -2.432

Table 3. Fluorine incorporation in silica glass.

One of the expected consequences of the fluorine incorporation process is the loss
of glass thickness. The loss of glass thickness can also be seen in Table 3. The
reason behind the thickness loss is due to the silica etching process, same that
happens once the SF; is heated to the point of dissociation. The dissociation of SF,
produces a highly reactive etchant. The fluorine radicals bond with the silicon from

the SiO, molecules producing the volatile compound SiF,.
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Image 17. Etching on OVD furnace liner tube.

The etching process is not limited to the porous soot body; it also affects the inner
liner tube of the OVD dehydration/consolidation furnace. Image 17 shows the
effect of etching on tube due to prolonged exposure to fluorine incorporation pro-

cess.

The damage to the liner tubes is limited and happens after some fluorine-doping
processes. However, the replacement of the liner tube is more cost-effective than
acquiring the fluorine doped-tubes. Different glass compositions such as 100%
GeO, have less impact because the process requires lower temperatures minimising
the reaction from the SiO, substrate. Using lower temperatures neither the glass of
the preform nor the liner tube present substantial damages.

0.004 -
0.002 A [ [ [
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Graph 26. Refractive index profile of OVD fluorine-doped silica preforms.
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The change in refractive index and the reduction in thickness is shown in Graph 26.
The refractive index profile of the OVD Preform OVD_FO is consistent with silica
reference level as it was a pure silica preform used as a control sample for the
experiment. Preforms OVD_F1; OVD_F2 and OVD_F3 present a lower refractive in-
dex as a result of the successful fluorine incorporation. The flows used during the
dehydration process are described in Table 3. The fluorine doping was performed

during the dehydration process.

Image 18 shows preform OVD_F1after the consolidation process. The preform was
processed adding a flow of SF; described in Table 3 during the dehydration process.

The final preform is transparent and defects free.

Preform

Image 18. Fluorine-doped silica preform.

During these tests, it was found that it is important to keep monitoring the humid-
ity levels on the gas lines. If the gas has traces of moisture, the reaction on the hot-
zone changes and unexpected high-risk by-products such as HF can be formed in
the process. The adverse effect of HF on the OVD furnace liner tube is similar to
the SiF, conversion. Nevertheless, the level of risk involved in the operation of the

equipment has significant consequences.
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An improved recipe was developed to minimise the etching process and favour the
fluorine incorporation into the silica glass. An additional preform OVD_F4 was fab-
ricated using the same deposition and consolidation conditions that the previous

preforms described in this section.

Preform SFs/He ratio An [x107%] Thickness loss
[mm]

OVD_FO 0.000 0.0 0.0

OVD F1 0.010 -3.4 10.292

OVD F4 0.010 el -0.091

Table 4. Improved fluorine incorporation in silica glass.

The additional sample was pre-soaked in SF; gas flow for 90 minutes before repli-
cating the same process than the preform OVD_F1. Substantial improvements are
appreciated with the modified fabrication procedure. The refractive index change
is more substantial with the modified recipe as shown in Table 4. Also, the thick-

ness loss is significantly reduced.
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Graph 27. Refractive index profile on OVD fluorine-doped preforms including im-

proved recipe results.

It is shown in Graph 27 the refractive index change due to fluorine incorporation
in the OVD preforms. Preform profile from OVD_F4 shows sign of better incorpo-

ration of fluorine. Also, the etching process shows less impact on this preform.
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Comparison between thickness loss and refractive index change between OVD_F1
and OVD_F4 is described in Table 4.

511 Conclusion

Incorporation of fluorine into the silica glass has been successfully demonstrated,
and the refractive index profile shows the effect of the fluorine content. The devel-
opment of this process provides the ORC with a new manufacturing capability.
Hence, this capability allows fabricating in-house fluorine-doped silica tubes, jack-
eting material or solid rods with an NA up to 0.13 with respect to silica. The refrac-
tive index difference achievable by this process is comparable to the used for dou-

ble and triple cladding fibres

Higher refractive index change can be achievable replicating the improved recipe
with the conditions used for the larger SF;/He ratio. Ultra low NA changes can also

be achievable for particular applications.

The reduction of undesired and inevitable bubbles and scratches that are evident
during alternative methods also make attractive the proposed fabrication process.
Moreover, highly-doped fluorine tubes are not possible to process by sleeving be-
cause the glass starts boiling. Finally, this approach can also be helpful to reduce
the processing times of stretch and sleeving when the commercial fluorine-doped

rod/tubes have limited existence or size availability.
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Chapter 6 Germanosilicate Glass

The germanosilicate glass is a core composition widely used in the photonics in-
dustry. It is widely used in telecommunications and also in non-linear devices. The
development of the OVD process capability to fabricate germanosilicate glass was
of significant interest to the Optoelectronics Research Centre. The information re-

ported in the previous chapters have been of significant relevance, particularly the

thermodynamic analysis in Chapter 3.

6.1 SiO,/GeO, glass fabricated via OVD

6.1.1 Germanosilicate preforms

The process to define the correct fabrication parameters was essential to develop
the glass. Also, the thermal expansion mismatch is a factor to consider. As the
GeCl, flow is increased, the severity of the incompatibility increases. In addition,

the deposition temperature requires adjustment. Otherwise, the deposition tends

to sinter, driving preform fissures or total cracking of the soot body.

Preform Number

ovD0001
0OovD0002
OovD0003
ovD0004
OvVvD0005
OVvD0006
OVvD0007
OVvD0008
ovDo0010
0OVvDO0011
OVvD0012
OVvDO0013
ovD0014
OVvDO0015
OovD0016
OoVvDO0017
OovD0018
OovD0019
OovD0020
OovD0029

Substrate

Bait Rod
Bait Rod
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
CFQ
F300
F300
F300
F300
F300
F300
Bait rod

H,/0; ratio SiCls/GeCl, ratio

0.65 4.44 => pure SiCl,
0.65 4.44 =>5,58
0.65 4
0.65 4
0.65 4
0.65 10; 3.33; 2; 2
0.65 20; 10; 6.66; 6.66
1 4
0.8 4
1.33 4
2 4
1.33 4
1.33 2
1.33 4
1.33 2
1.33 4
2 4
1 4
1.33 5;3.33;2.5; 2.5
0.46 1

Traverse speed
[m-min?)
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.020
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0OvD0030 CFQ 0.46 1 0.020
OVDO0032 CFQ 1.33 5;3.33;25; 25 0.100

Table 5. Deposition parameters of germanium-doped silica OVD preforms.

Depositions with a constant SiCl,/GeCl, ratio were performed, and the fabrication
conditions are described in Table 5. Different substrates were used such as CFQ
and F-300 substrate rods and tubes. Also, in few depositions, the use of the bait
rod was incorporated. The experiments on non-removable glass substrates were
carried out to understand the deposition behaviour. Hence, the use the refractive
index from the substrate as a guide to correlate the SiCl,/GeCl, ratio with the re-
fractive index of the deposited glass. This technique was also used to estimate the
molar concentration of GeQ, in the glass.

Depositions with various SiCl,/GeCl, ratios were performed using a pure silica layer
in between them to prevent undesirable mixtures and for reference. Furthermore,
depositions using the bait rods have been successfully achieved. Owing to the dif-
ferent characteristics of the doped soot preforms, a release layer of pure SiO, has

been used to avoid jamming of the bait rods.

Preform OVDO0O0O1 was deposited on a bait rod using a graded index recipe with a
SiCl,/GeCl, ratio ranging from 4.44 to pure SiCl,. After consolidation, the preform
was collapsed into a solid rod. The collapsing process was performed in an MCVD
lathe as shown in Image 19.

MCVD burner

-

Vent tube

Image 19. Preform OVD0OO0O1 during the collapsing process on the MCVD lathe.

The refractive index of the preform was measured after the collapsing process.
Graph 28 shows the RIP from preform OVD00O1. The maximum An of the broad

section of the profile is about 0.0032, with two symmetrical peaks reaching An =
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0.013; the central depth is characteristic of the loss of GeO, when collapsing the

consolidated tube.
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Graph 28. Refractive index profile of preform OVD0O0O1.

The preform OVDO0OO1 was drawn into the fibre A0361, and its refractive index

profile is shown in the following section 6.1.2.

Additional depositions were made directly on the surface of two types of glass sub-
strates, CFQ and F-300. Crystallisation in the consolidated deposition started to

appear in both substrates.

Image 20. The crystallisation of germanosilicate depositions; a) sample nucleation

point; b) sample slightly crystallised; c) sample heavily crystallised.
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The crystallisation started as small scattered dots on the surface, which resulted
from nucleation points where the crystals started growing. Highly germanium-
doped preforms (>10 mol%) tended to crystallise readily. Preforms with medium
dopant concentration (5 - 10 mol%) required more time to start the nucleation pro-
cess, and preforms with low dopant concentration (<5 mol%) do not exhibit signs

of crystallisation, see Image 20.

The crystallisation of clear and transparent depositions occurred when they had
been recently retrieved from the hot zone of the furnace. Crystallisation phenom-
ena were observed during the cooling down process of the preform being exposed
to room temperature. Further crystallisation analysis on GeO, will be described in

section 7.1.4

Image 21. Optical Microscope image of crystal growth on OVD preform.

The crystallisation shown in Image 21 was observed on the surface of a CFQ sub-
strate. The experiment was repeated in a different type of glass (F-300) to identify
if the substrate was the source of the crystallisation. However, the crystallisation

appeared again independently of the type of substrate used for the deposition.

Characterisations of the refractive index were possible in the sections of the pre-
form without crystallisation. Nevertheless, the refractive index profiles presented
unusual features shown in Graph 29. Additional depositions were performed using
lower concentrations of GeO, to investigate if the crystallisation on the preform
surface caused the abnormal profiles. The refractive index profiles continued to
present the abnormal features independently of the concentration of GeO, used

during the deposition.
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Graph 29. Preforms refractive index profiles of OVD depositions on top of CFQ

rod substrates showing unusual features.

The depositions were carried out on top of CFQ rod substrates, the central part of
the profile was expected to be flat, and the outer region of the profile was expected
to have a higher refractive index due to the germanosilicate composition, see Graph
29 a). An alternative approach to avoid the crystallisation on the surface was adding
a pure silica deposition on top of the germanosilicate glass, see Graph 29 b). The
crystallisation of the preforms was set back, and the preforms no longer exhibit

signs of crystallisation.

The refractive index profile of the preforms fabricated adding pure silica layers on
top of the germanosilicate confirmed that the unusual features on the profile are
not the effect of the crystallisation. An experiment was carried out exposing the
CFQ rod to the same dehydration and consolidation process used during OVD pre-

form fabrication.
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Graph 30. Refractive index profile of CFQ rod; a) before processing and b) after

processing.

The preform refractive index presented in Graph 30 a) shows the refractive index
profile of the CFQ before processing. Having a reference for the experiment was
essential. Graph 30 b) shows the profile after the dehydration and consolidation
processes. The resulted refractive index profile did not show any abnormal features

as in the RIPs shown in Graph 29.

It was demonstrated that neither the crystallisation nor substrates are the origin of
the abnormal features in the RIPs shown in Graph 29. Therefore, an additional ex-

periment was carried out to investigate the effects of the deposition. The previous
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experiments shown in this section consisted in depositing germanosilicate or ger-

manosilicate with pure silica on top.
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Graph 31. Refractive index profile of SiO, deposition on top of CFQ rod substrate.

The refractive index profile shown in Graph 31 is from a deposition of pure silica
on top of a CFQ rod substrate. A slight change of the refractive index is noticeable
in the region of the deposited glass. Nonetheless, the unusual feature of the re-
fractive index had disappeared. The evidence suggests that the germanosilicate
deposited on the outer region of the glass substrates, cannot be appropriately
resolved by the preform profiler. Preforms of germanosilicate, glass consolidated
without substrate (bait rod removal process), are accurately resolved by the

preform profiler software.

It was essential to understand the equipment capabilities and limitations. Hence, a
preform that presented the abnormal features in the RIP was drawn into a fibre.
The refractive index of the fibre was measured using the fibre profiler S-14. It is

shown in Graph 32 the difference between the preform and fibre refractive index.
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Graph 32. Refractive index profiles of germanosilicate glass; a) preform b) fibre.

The refractive index profile of the fibre shown in Graph 32 b) does not exhibit the
abnormal features observed in Graph 32 a). The fibre refractive index has the ex-
pected flat profile in the substrate region and a visible refractive index change in

the germanosilicate deposition region.

It has been demonstrated that the refractive index profile in the fibres does not
show abnormal features. The fibre profiler is capable of providing data correctly
for germanosilicate deposition on the outer region of the substrate. Conversely,
the preform profiler cannot accurately resolve the refractive index change when
this happens in the outer region of the preform. Discussions with the manufacturer
(PK- photonics) are proposed to evaluate the possibility of reviewing the algorithm
that enables the correct calculation of the mentioned refractive index profiles.
Large differences of refractive index and stress are proposed as the main source of

the abnormal features.

It was demonstrated that the refractive index of the glass had to be measured after
the preform was processed into a fibre due to equipment limitations. Although the
refractive index can be measured correctly for the fibres, the refractive index
change was lower than expected for the flow composition used during the process

of the soot deposition.

The samples of the consolidated preforms were analysed by energy dispersive X-
Ray spectroscopy (EDX) to identify their chemical composition. The nature of the
EDX analysis identifies the characteristic energy of the X-Rays for each chemical
element regardless of the compound in which they are present. Thus, it is essential
to identify additional signals that can provide information of the compound in
which the element has been detected. It is also important to consider the possible
compounds that can be present in the sample by following the information pro-

vided in the thermodynamic analysis from Chapter 3.
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Graph 33. Preform refractive index of germanosilicate glass deposited on top of a
CFQ rod substrate.

A germanosilicate OVD deposition was produced on top of a CFQ rod substrate.
The preform refractive index profile presented an unusual feature, see Graph 33.
Nevertheless, according to the previous analysis of preform to fibre RIP differences,

the profile of the fibre was expected to be correct.
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Image 22. Micrograph of consolidated OVD germanosilicate deposition.

Image 22 shows a micrograph obtained by SEM of the same sample. The sample
was coated with ~30nm of carbon for conductivity purposes. The different layers

of the deposition and contrast lines in between each of the layers can be seen.
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Image 23. EDX analysis of consolidated germanosilicate deposition; a) SEM micro-
graph with line-scan trajectory and b) signal counting of EDX line-scan

measurement.

A line-scan analysis based on EDX was carried out across the deposition layers. The
result was the identification of selective higher deposition of GeO, in the contrast
lines. The lines are the situated in the interface of each of the layers of the deposi-
tion forming concentric regions in the preform sample. The EDX scanning along
the surface is presented in Image 23 (a) showing the deposition layers and the line-
scan position. Image 23 (b) shows the signal counting from germanium at the lay-

ers interface.

Also, a complementary single-point EDX measurement was performed on top of an
interface line to provide quantitative data on the chemical composition of the in-
terface lines. The resulting EDX spectrum is shown below as well as the SEM micro-

graph indicating where the spectrum was taken.
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Image 24. Single-point EDX measurement on the interface of the deposited layers:

(a) SEM micrograph, (b) EDX spectrum.

High intensities of the germanium energies were recorded in the EDX spectrum
represented in Image 24 b). The amount of germanium found in the interface be-
tween deposited layers was calculated to be 13.0Twt%. Image 24 a) shows an SEM
micrograph with the location where the single-point EDX was taken. whereas the

typical concentration was ~4wt% between the layers.

The measurement was repeated in additional samples that were fabricated using
different H,/0, ratio and various SiCl,/GeO, flow compositions. The result of the
compositional analysis had minor differences and did not follow the expected re-
fractive index contrast. EDX characterisation carried out is summarised in Table 6.
The flow compositions for the preforms fabrication and wt% measured on the

preferential zones is also reported in the table below.

Preform Number H,/0; ratio SiCls/GeCl, ratio Germanium
wt%
OovDO0008 1 4 13.25
0ovDO0010 0.8 4 11.70
OoVvD0014 1.33 2 13.01

Table 6. Summary of wt% composition found in preferential deposition zones of

germanosilicate glass preforms.
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The previous compositional analysis demonstrated the non-uniform distribution of
the concentration of germanium in the preform depositions. Moreover, the concen-
tration of germanium apparent to be limited regardless of the flow composition
used during the fabrication process. The unknown conditions outlined before led
to the thermodynamic analysis presented in Chapter 3. Initially, the lower germa-
nium content was presumed to be a result of the thermal reduction of the GeO,

into GeO.
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Graph 34. General Ellingham diagram for the thermal reduction of germanium.

The thermodynamic analysis provided evidence that the thermal reduction of the
GeO, is possible at the consolidation temperature, see Graph 34. However, the loss

of germanium was higher than the expected.

The thermodynamic conditions of the consolidation process were close enough to
the equilibrium point to expect a minor reduction of the compound. Moreover, the
consolidation procedure was not long enough to thermally reduce high volumes of
GeO, during the processing time. Also, the conversion reaction path for the thermal
reduction of GeO, into GeO is different. Graph 35 shows that before the thermal
reduction can happen, the GeO, will undergo a phase transition. It is only then when

the vapour of GeO, would be thermally reduced to GeO.
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Graph 35. Ellingham diagram for GeO, stability including phase transition points.

Evaporation of GeO, ocurres at lower temperatures and combined with the possible
thermal reduction into GeO could potentially explain the high volume loss of the
compound during the fabrication process. Nonetheless, it would be expected to
find evidence of the evaporation in the glass. Final preforms did not exhibit any
indication of bubbles formed during the GeO, evaporation. The lack of evidence
indicating boiling of the glass is explained because the depositions are not pure
GeO.. It has a composition of silica that ranges from 50 - 75 % for this samples.

Therefore, the phase transition points occur at higher temperatures.
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Graph 36. Ellingham diagram for the halogenation process of GeO,.

The thermodynamic analysis described in Chapter 3, provided the crucial infor-
mation that explained the loss of germanium. The Ellingham diagram shown in
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Graph 36, present the thermodynamic conditions in which the halogenation of ger-
manium oxide can occur. The proposed solution to overcome the halogenation of
the GeO, is described in section 3.2.1, as well as its impact on the reactions. Adding
O, flow during the dehydration process in the gas delivery system sets back the
halogenation reaction.

The changes to the process were carried out considering the information provided
by the thermodynamic analysis. The addition of oxygen to the dehydration process
was performed for a preform fabricated using a deposition ratio of two for the
SiCl,/GeCl, flow. Also, the temperature of the deposition was corrected for the flow

composition.
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Image 25. Single-point EDX measurement of a germanosilicate glass: (a) SEM mi-

crograph, (b) EDX spectrum

The effects of the modifications to the process were notorious in the germanosili-
cate glass experiments. The preforms did no longer exhibit preferential deposition
zones, and the concentration of germanium followed the expected values. Image
25 b) shows a single-point EDX measurement of a 48.81 mol% of GeO,. Image 25
a) presents an SEM micrograph of a preform showing the absence of preferential
deposition zones. Depositions with germanium oxide concentration of 100 mol%

were also achieved and are reported in Chapter 7 of this thesis.
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Graph 37. Refractive index profile of an SMF-like preform.

After the previous investigations with high germania concentration, a low NA, SMF-
like preforms was fabricated. The preform refractive index profile shown in Graph
37 shows a central region with lower refractive index contrast. The preform was
measured before collapsing the preform. The removal of the bait rod leaves the
central hole of the OVD preforms. The refractive index profile can be measured if
the central void is filled with index matching liquid, also known as reference oil.
Also, it is possible to appreciate the twelve layers from the OVD deposition. The
refractive index of the fibre drawn from this preform is presented in the following

section.

6.1.2 Germanosilicate glass fibres

Consolidated germanosilicate glass preforms were drawn into optical fibres. The
fibre refractive index profile was measured to evaluate the differences in the pre-
form profile. It is expected to see evidence of diffusion in the germanosilicate glass
due to the additional heating process from the fibre drawing. Diffusion can also be
driven by the dimensional change from preform to fibre. Further information on
these diffusion mechanisms is explained in section 10.4 for different glass compo-

sition. However, the general principle of the diffusion mechanism is the same.
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Graph 38. Refractive index profile of fibre AO361_0VDO0O0OT.

The fibre refractive index profile (FRIP) of the fibre A0361 is shown in Graph 38.
The fibre was drawn from the preform OVDO0O0O1 presented in the previous section.
The preform was drawn into a 125um diameter fibre. The FRIP was similar to the
RIP of the preform. The central depth is still noticeable, but the profile is more
defined and symmetric. The graded profile has also been improved. The maximum
An of the broad feature of the profile is about 0.005, with two symmetrical peaks
reaching An = 0.0137.

The difference between the preform and fibre refractive index change in the central
region has similar maximum values. Nevertheless, there is a slight increment of the
refractive index change at the maximum level of the graded index. The difference
in refractive index can be attributable to the diffusion of the graded index towards
the centre of the fibre. Inwards diffusion is expected due to the dimensional change
occurred when the preform is reduced to the fibre size. A contrast in the core re-

gion is noticeable in Image 26 showing the cross-section of the fibre.
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Image 26. Optical microscope image of the cross-section of A0361_0VDO00O1.

Absorption measurements were carried using a fibre length of ~360m from the
fibre A0361_0VDOOT1. The fibre was coated with high index acrylate. The experi-

mental setup is described in Figure 7.

FUT

WLS @ OSA

~360m

Figure 7. Absorption and loss measurement setup.

Light from a white light source (WLS) was launched into the fibre, an optical spec-
trum analyser (OSA) was used to measure the light transmission in the fibre. The
measurement performed over the range of 600nm - 1200nm wavelength is

presented in Graph 39.
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Graph 39. Loss of fibre AO361_0VD0001 (600nm-1200nm).

The fibre exhibits losses in the order of ~60 dB-km™ from 700 nm up to 1200nm,
with the exception of the OH absorption band at ~940nm. OH measurement is
described below in Graph 41. An additional spectrum was obtained to investigate

the losses of the fibre in longer wavelengths.
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Graph 40. Loss of fibre A0361_0VDO0001 (1200nm-2400nm).

The optical spectrum showed in Graph 40 presents the fibre losses, which are in
the order of ~50 dB-km" from 1500 nm to 1700nm. The OH content in the fibre is

the principal contributor to the prominent absorptions at these longer wavelengths.
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Graph 41. OH absorption measurement of fibre AO361_0VDO00O]1.

The OH in the fibre was measured using the absorption band at ~940nm as it is
shown in Graph 41. The length of the fibre and the OH content prevent the use of
alternative absorption bands located in 1240nm and 1380nm. A concentration of

~35ppm of OH was calculated for this fibre.

The level of losses in the fibre AO361_0VDO00O01 is higher compared to commercial
graded or step index fibres. Graded index fibres with losses of ~3 dB-km™ are read-
ily available. However, being the first OVD fibre made in-house, the level of losses
are reasonable. Though, it is crucial to reduce the level of OH in the fibre and im-

prove the process to enhance the performance of the fibres.

The preform OVDO0035 presented in the previous section was drawn into a 125um
fibre. The refractive index profile is presented in Graph 42. The fibre profile main-
tains the refractive index change. The FRIP has a maximum value of 0.005, and the
central hole was fully collapsed during the fibre drawing process. Collapsing the

preform during the fibre drawing process minimise the evaporation of the dopants.
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Graph 42. Refractive index profile of fibre A1057_0VDO0035.

It is also noticeable that the twelve layers noticeable in the preform refractive index
have been diffused into a single profile. The dimensional change during the fibre
drawing process was the main contributor to the diffusion of the core layers. It is
convenient for the OVD preforms that the core can be fabricated in large diameters.
Thus, the fibre profile is refined during the preform conditioning and the fibre

drawing process.
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Graph 43. Refractive index profile of fibre A1051.
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Similarly to the case of the preform OVDO0035 the development of germanium in-
corporation lead to a more controlled refractive index and higher numerical aper-
tures in the fibre designs, see Graph 43. Increasing the number of layers deposited
on the preform also allowed to improve the stability on the profile in the final fibre.
Characteristic ripples from the multilayer deposition on the preforms were

minimised or eliminated in most of the cases during the drawing process.

6.1.3 Conclusion

The fabrication of germanosilicate preforms encounters particular challenges.
Crystallisation on the depositions was found when the concentration of germanium
oxide was increased. Adding a pure silica layer on top of the germanosilicate soot
helps to prevent the crystallisation.

The preform profiler is not able to accurately process the refractive index changes
when the germanosilicate deposition happens in the outer region. The resolved
profiles have an unusual feature that shows a concave profile in the substrate. The
source of the abnormal profile are the large refractive index profile and the stress
in the glass. The fibre profiler can resolve the refractive index profiles of the outer
depositions this requires drawing the preforms into fibres to measure the refractive

index.

Compositional analysis XRD revealed a non-uniform deposition of germanium in
the glass. It was found that a selective deposition zone occurs in the interface be-
tween layers. Also, the incorporation of germanium into the glass presented limi-
tations. Thermodynamic conditions were analysed to investigate the source of the

germanium incorporation.

It was found that the process of the loss of germanium during the preform fabrica-
tion was the halogenation of the GeO, during the dehydration process. The thermal
reduction of GeO, into GeO can only happen after the evaporation of the GeO..
Dehydration conditions were favourable for the halogenation process. Adding Ox-
ygen to the gas flow during the dehydration process set back the reconversion of
GeO, into GeCl,.

After the modification of the process conditions, germanosilicate glass with high
concentrations of germanium was achievable. Pure germania glass is discussed in
Chapter 7. The following preform fabrication were successful and their refractive

index profile exhibit the expected index contrast relative to that of the silica.
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OVD germanosilicate fibres were drawn from the in-house fabricated preforms. The
refractive index profile of the fibres follows the preform profile with evidence of
inwards diffusion in the core region. Optical characterisation was performed on the
fabricated fibres to investigate the optical loss, and was to be in the order of ~50
- 60 dB-km™. The level of loss is higher compared to commercially available graded
and step index fibres. Although further development is required to improve the
level of the loss in the fibre, the current attenuation level is reasonable for the first
OVD germanosilicate preform and fibre made in the Optoelectronics Research Cen-

tre.

Dehydration process requires additional refinement to lower the OH content in the
glass. The OH in the fibre was identified as the principal factor for the high absorp-

tion in the longer wavelengths during the transmission measurements.

Additional fibres have been produced for demonstration purposes. Fibre A1057
was fabricated to resemble an SMF fibre. Also, the fibre A1051 with NA ~0.22 which
is useful as delivery fibre for further experiments.
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Chapter 7 Germania Glass

Conventional silica fibres have a theoretical limitation of 0.16 dB-km™, operating at
1550nm. The infra-red (IR) absorption of silica is a fundamental limitation for this
glass operating at longer wavelengths. However, the 2-micron spectral region has
attracted the attention of research groups around the world. Laser sources at
longer wavelengths are currently not easy to obtain, but there are different tech-
nigues to generate optical signals at 2-microns, such as optical amplification using
TDFA.

Optical transmission at 2-microns is primarily restricted due to limited material
availability which sets the challenge of developing a new glass host. Germanium
oxide has been investigated as a potential candidate to overcome these current
limitations. The fabrication of pure germania glass is discussed in this chapter. 2-
micron laser technology has also captured the attention of many research areas,
such as biomedical applications, defence systems, and the manufacturing industry.
This particular region of the IR spectrum has particular interest due to the hard
absorption of some organic molecules. Unfortunately, there is limited availability
of literature on this glass. It could be possible that the cost and availability of the
chemical precursors had been a factor for the limited research on this glass dec-

ades ago.

Nowadays, there is a limited activity on the development of germania glass for
optical fibres. What the literature have on this field dates back to the mid-1970’s,
during the first developments of optical fibre technologies, and continues until the

first few of years of the 21 century.

7.1 GeO

7.1.1 Introduction

Germania has been the centre of attraction for many research groups around the
world in optical fibre technologies. Not only because of its high non-linear proper-
ties; but, also because it is an excellent candidate to transmit with low loss in the

2-micron wavelength region. Graph 44 shows alternative materials to silica and
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their theoretical spectral loss. With the incresing data capacity demand due to so-
cial networks and mobile technologies the current capacity based on silica Single

Mode Fibre (SMF) is reaching its fundamental limit®'8,
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Graph 44. Calculated loss spectra for various materials®.

The latest activities on germania glass for optical fibres, at the time of this research
project, had been using MCVD deposition process. Fabricating cores of GeQ, in
silica or fluorine-doped silica requires heating of the substrate to collapse the tube
into a solid rod. The temperatures required to achieve this collapse is higher than
the boiling point of the germanium oxide and can reach temperatures that lead
into the thermal reduction of the GeO, into GeO as discussed in Chapter 3 and

Chapter 6.

Recent studies have gained understanding of the Ge-OH bonds, optical losses and
Raman amplification in GeO, glass and fibres®*#5. Also, investigations on phase tran-
sitions and crystallinity of the germanium oxide had been reported in the last two
decades’*7¢¢%7 However, fundamental investigations on the deposition and opti-
cal properties of the germania glass, as well as demonstrated fabrication of pure

germania preforms, had ceased more than 30 years ago®2°°',
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7.1.2 Deposition

The deposition parameters for pure germania soot preforms are very different com-
pared to pure silica. Initial deposition of pure GeO, at high temperature causes the
immediate evaporation of the soot. On the other hand, medium-high temperatures
lead to the deposition of particles in the liquid phase, which cool down rapidly at
the moment of impacting on the substrate, leading to its mixing with the substrate
surface. Image 27 shows a CFQ rod substrate with the surface removed when a

germania glass deposition is peeled off.

CFQ rod substrate

Surface removed

Image 27. Substrate surface removed due to GeO, deposition.

The deposited germania glass diffused into the surface of the silica rod, which
during the cooling down process, detached the surface of the substrate. The more
substantial thermal expansion coefficient from the germania glass lead to the de-
tachment of the silica on the surface. Image 28 shows a different preform using
the deposition conditions from the thermodynamic analysis discussed in Chapter
3. It is noticeable that a section of the deposition is detached from the substrate

due to the thermal expansion mismatch.
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CFQ rod substrate Pure germaniadeposition

Deposition detachment

Image 28. Preform OVD0031 deposited outer layer made from 100% GeO..

The reduced melting point of the GeO, forces a drastic reduction of the temperature
of both the OVD deposition and consolidation process. The H,/O, ratio remains
unchangeable for flame stability purposes and stoichiometric reactants availability;
hence, the gas flows had to be reduced.

200um outer layer

Image 29. Transparent 200um outer layer of pure GeO, after consolidation.

The preform OVDO0031 was sintered resulting in a single layer of pure germania
glass with a thickness of ~200um. Image 29 shows a germania deposition on top
of a CFQ substrate rod successfully consolidated into a transparent glass. Compo-
sitional analysis using EDX presented in Image 30, confirmed that the deposited

glass only contains germanium. The glass sample gas coated with ~30nm of carbon
for conductivity purposes.
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Image 30. EDX analysis of 100% GeO, outer deposition

Deposition conditions required improvement to allow the use of a detachable bait
rod to proceed with larger volumes. Unfortunately, the thermal coefficient mis-

match with silica is the predominant obstacle while processing germania.

Following the procedure used in Chapter 4 for silica deposition conditions, a den-
sity study on germania soot depositions was performed. It was essential to identify
the conditions that allow the soot body to be successfully detached and processed
in the following fabrication stages. Similar to the silica soot behaviour, the deposi-
tions at low temperatures produce a fragile soot body due to its low density. Image

31 shows the soot detachment from the carbon-coated substrate.

Carbon coating

T e

Fallen deposition

Image 31. Germania density too loose p=0.196 g-cm?.

Conversely, depositions at high temperatures produce a compact soot body due to
its higher density. Nevertheless, if the density is too high the stress in the soot,
due to the thermal expansion, might cause the preform to fail. Image 32 shows a
soot deposition with a longitudinal fissure due to the stress propagation in a highly

dense preform.
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Preform crack

Image 32. Germania density too compact p=1.211 g-cm?.

Following the procedure from Chapter 4 for the creation of a digital model for the
deposition soot, the deposition image was projected into a fixed background. In
the case of the low-density soot, it was too fragile to remove it from the OVD lathe.
Therefore, both measurement, low and high density, were performed inside the
OVD deposition chamber.

The images projected were used as a foundation to build a 3-D model of the volume
including the irregular shapes. The substrate is not represented in Figure 8. Never-
theless, its dimensions were used to reproduce the internal geometry of the 3-D

model shown below.

Figure 8. 3-D model of germania deposition soot body.

The germania depositions are exceptionally sensitive to temperature changes com-
pared to silica. For that reason, a characterisation of the soot preform temperature
was carried out. Similarly to the temperatures measurement reported in Chapter 2,
a thermocouple was inserted into the substrate. Although in this case the temper-
ature measurement was performed during the deposition process, including flows
from the reactants. The temperature was measured for the deposition of multiple
layers and is shown in Graph 45.
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Graph 45. Temperature behaviour during multilayer germania deposition.

Extensive characterisations shown in Graph 45 were carried out during the deposi-
tion stage revealing the temperature behaviour on the substrates and its correlation
to the preform failure. After the analysis was concluded, an adjustment to the dep-

osition temperatures of the first layer was required.

Image 33. Crack-free germania deposition.

As a result of the density analysis, and the temperature characterisation; it was
possible to achieve a crack-free full deposition. Image 33 shows a 100% germania
soot body without fissures. The deposition was made on top of an alumina bait rod

carbon coated to improve detachment capabilities.
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7.1.3 Bait rod removal

For the successful removal of germania soot preforms from the bait rod; it had to
have a thermal expansion coefficient higher than GeO,, i.e. 75x107-K". Also, the
bait rod needs to have a high tolerance to corrosive environments and a softening
point above the deposition temperature. A carbon coating was tested on top of the
alumina bait rod as shown in Image 34. The carbon coating was applied by fuming
the bait rod with methane reductive flame as a release layer to facilitate the preform
removal. The use of carbon was selected as it would be a thin layer that could be
converted into CO, and evaporated during the dehydration at high temperature

with the presence of oxygen in the flow.

A
A 4 >

Image 34. Carbon coating on an alumina substrate.

Two substrates were satisfactorily tested for germania deposition; both have a

higher thermal expansion coefficient compared to germania.

e Alumina: 81x107-K"
e Soda-lime glass: 85x107-K"

96



Chapter 7 Germania Glass

Image 35. Preform removal without soot body cracking

The preform removal process had been successfully established. Image 35 shows
a germania soot body removed from the bait rod, crack-free and ready for dehy-

dration and the consolidation processes.

714 Crystallisation

The first crystallisation occurrence was during the depositions of germanosilicate
preforms discussed in Chapter 3. Germanosilicate depositions presented signs of
crystallisation when deposited on top of a CFQ substrate. The addition of a silica
deposition layer on top prevented the crystallisation. The increase of germanium
concentration aggravated the crystallisation.

The silica clad layer used to mitigate the crystallisation in the germanosilicate glass,
was not possible to implement for pure germania preforms. The significant thermal
expansion mismatch in between the glasses developed cracks in the interface. Also,

the dehydration and consolidation conditions are entirely different.

During the initial consolidation experiments of pure germania depositions; incon-
sistencies in the samples outcome were observed. The samples had unpredictable
behaviour during the consolidation process although the fabrication parameters

were stable for all the experiments. The alternative possibility was that the samples
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were suffering from an unexpected change. Samples from the deposited soot were
measured by Thermo Gravimetric Analysis (TGA). The samples were measured with
a heating rate of 10K-min?' starting from room temperature up to 1523.15 K. The

samples were measured after 0.5, 3.6, 24 and 192 hours after the deposition pro-

cess.

Normalised weight loss [a.u.]
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0.99 +
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Graph 46. Weight loss of germania soot samples from TGA.

The weight loss of the germania soot samples is shown in Graph 46. The rate of
weight loss in the samples increased with the time after the deposition. The amount
of weight loss was more substantial in the samples measured after 24 and 192

hours after the deposition. Also, the transition features shown at ~1000 K were not

present in the later samples.
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Graph 47. Heat flow of germania soot samples from TGA.

The heat flow of the germania soot samples is shown in Graph 47. The samples
measured at 0.5 and 3.6 hours, after the deposition, did not present heat flow
events other than the melting point at ~1393 K. Contrarily, the samples measured
at 24 and 192 hours, after the deposition, presented a peculiar heat flow event

starting at ~1026 K in addition to the melting point at ~1393 K.

Investigations aiming to identify the source of the changes in the samples were
carried out. Initially, the samples were put under vacuum to identify any environ-
mental factors, such as moisture that could be affecting the samples. The samples
were also shielded from light sources to prevent any potential photo-reaction.
Lastly, the samples were dehydrated to remove any potential OH from the deposi-
tion that could be driving the sample changes. However, none of these conditions

altered the samples.

A final experiment was carried out to corroborate if the OVD process itself had
some effect on the samples. Therefore, a sample of germania soot was taken from
an MVCD deposition. Since the MCVD deposition follows a different reaction path,
it would be possible to identify any associated factors to the process. Unfortu-

nately, the soot from the MCVD suffered from the same atypical behaviour.

During the investigations to identify the source of the changes mentioned before;
it was observed that compact and hard soot depositions became soft and loose
after few days. Accordingly, a computed tomography (CT) scan was carried out in

the u-VIS X-Ray Imaging Centre to identify potential changes in shape or volume in
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the samples. Unfortunately, the change happened on a scale smaller than the
equipment resolution. Identification of a barely perceptible shrinkage of the total
volume was possible with this technique. Though, the origin of the changes re-

mained without explanation.

Further analysis was carried out using X-Ray diffraction (XRD). Investigations of a
crystallisation process within the first 24 to 48 hours were proposed as the source
of the changes in the samples. Freshly made deposition samples were prepared
and measured by XRD every 12 hours. The powder diffraction was measured in the
UK National Crystallography Centre. The equipment used was a D2-PHASER from
Bruker. The conditions used for the measurement were A=1.541A; increments of

0.022deg; starting 20 position at 8.002deg and a total of 5027 steps.

—— Fresh sample

6000 - 12 Hrs. Sample
—— 24 Hrs. Sample
—— 36 Hrs. Sample
—— 48 Hrs. Sample

£ 4000 -
c
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o
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20 40 60 80 100
20 [deg]

Graph 48. Diffractogram of GeO, soot powder.

The diffractogram in Graph 48 shows an evolution of crystal growth on the samples
with respect to time. From the lower trace (red) to the top (pink) each trace was
taken with ~12 hrs difference. The Miller indexes of the high-intensity crystal
planes are annotated with a reference dotted-line on top of Graph 48. The crystal-
lographic information obtained from the XRD measurement is consistent with hex-

agonal crystalline germania.

A parallel study using the same deposition conditions and consolidation parame-
ters showed that the transparent glass could only be achieved using the freshly

made samples. Samples between 12 and 24 hrs can be consolidated as well; but,
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the preform is not transparent. If the sample has more than 24 hrs, the powder

does not consolidate into a self-supported preform.
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8000 A
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Graph 49. Diffractogram of fully crystallised germania deposition.

The crystallisation process continues until the deposition samples are converted
into a fully crystalline powder. Graph 49 shows the diffractogram of the deposition
after 192 hours. The Miller indexes of the high-intensity crystal planes were anno-

tated with a reference dotted-line on top of Graph 49.

The information provided from the XRD analysis was essential to modify the depo-
sition process. Also, the entire fabrication process had to be adjusted to complete

the deposition to the consolidation process in a few hours.

Image 36. Transparent and defect free 100% GeO, preform
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Image 36 presents a transparent and fully consolidated 100% GeO, preform. The
preform was successfully obtained using the modified conditions during the fabri-
cation process. After the consolidation, the germania preforms did not present

signs of crystallisation.

7.1.5 Core-cladding structure

Core-cladding structures using single-step fabrication are achievable. However, this
approach requires large volumes of cladding deposition to compensate for the ther-
mal stress of the core. Image 37 shows an example of a core-cladding structure in

germania preforms.

Germaniaglass (100% GeO,)

Silica-doped germaniaglass
(5% SiO, - 95% GeO,)

Image 37. Cross-sectional image of a 100% germania core and silica-doped ger-
mania cladding (5% SiO, / 95% GeOQ,).

For high numerical aperture applications or considerable thermal expansion coef-
ficient differences, a two-step fabrication process proved to be more effective. The
assembled preform was processed in a glass working lathe (GWL). Image 38 shows

a preform with 100% germania core and 100% silica cladding.

Preform

Glass working lathe burner

Image 38. Preform assembly for high-NA applications using 100% GeO, core and
SiO, large diameter cladding.

EDX analysis supports the 100% GeO, composition in the preform core, see Image

39 a). The profile distribution on the core region is presented in Image 39 b). It is
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evident that the diffusion
happen.

of the core during the preform fabrication did not

Spectrum 3
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Image 39. a) EDX analysis from the core of germania preform section after draw-

ing; b) profile distribution of Germanium signal Kal.

7.1.6 Germania glass fibres

An optical fibre with ultra-high numerical aperture using core composition of 100%

GeO, and cladding of 100% silica was drawn. The first ever 160m of 100% GeO,

core fibre with silica cladding were drawn with a 3uym core diameter and 200um

cladding diameter.
~2400nm.

The fibre has a calculated single mode characteristic at

Graph 50 a) shows the fibre refractive index profile obtained from the IFA. However,

the instrument cannot resolve the measurements on small cores, and this is the

reason why the profile has a flat top due to the spatial resolution limitation in the

instrument.
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Graph 50. IFA measurement; a) FRIP of 100% GeO, fibre with silica cladding and b)

IFA interference pattern from 100% GeO, fibre.
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Graph 50 b) shows the IFA interference pattern. It is possible to appreciate in Graph
50 b) the peak values of the core region reaching the lower values of the upper
fringe. Also, the core size of the fibre at the top flat region is below the 3um, which
is the minimum core size that the IFA is capable of resolve. These factors limit the
IFA to accurately measure the FRIP of the high-NA 100% GeO, fibre.

Fibre Bragg gratings were inscribed to study potential applications for the GeO,
fibres. The grating shown in Graph 51 was scribed using a femtosecond laser de-
scribed in section 10.5 with inscription through the coating, and using a point by
point technique. The applications for this fs-FBG can be, for instance, Raman lasers
to overcome the limitation on wavelength coverage from the rare-earth doped fi-

bres.
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Graph 51. Transmission spectra of FBG inscribed in 100% GeO,.

7.1.7 Conclusion

Pure germanium depositions at high temperatures result in the deposition of ger-
manium either in the gas or liquid phase, with its corresponding undesirable effects
such as low-efficiency deposition. Substrate peeling has been observed during pre-

liminary deposition tests when the deposition is in the liquid phase.

Characterization of deposition conditions have been performed and the deposition
process established for preform fabrication. Additionally, the processes for pre-

form removal: deposition parameters and consolidation have been established
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The single material composition on the OVD preforms is recommended since the
thermal expansion mismatch tends to crack the preform glass. Alternatively, it is
possible to make multiple materials in one process. However, the ratio between
core and cladding layers must be at least 10, and the concentration difference
should not exceed 30%.

Dehydration and consolidation parameters were established. Preforms fully consol-
idated, bubble and crack free can be obtained. It is essential to review thermody-
namic conditions for new compositions to ensure possible reactions and phase

changes in the glass.

Optical fibres with core composition of pure germania and cladding of silica have
been achieved. Instrument limitations prevent the characterisation of the ultra-high
NA difference with a small core. Inscription of fs-FBG in the pure germania core was
possible. Investigations on high nonlinear optics and additional applications for the

pure germania core optical fibre would be a part of future development.
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Chapter 8 Aluminosilicate Glass

Speciality optical fibres for laser applications require the development of the glass
host. The incorporation of rare-earth (RE) ions into the glass is essential for the
development of fibre laser applications. Aluminium Oxide (Al,O;) is a well-known
network modifier often used in the glass matrix. Its incorporation to the core ma-
terial enhances the laser performance and reduces the undesirable clustering of

the RE-ions.

Optical fibres with large cores for laser applications are commercially available.
However, the current fabrication techniques are mainly limited by the way the glass
host is built-up. MCVD preform fabrication, using solution doping technique for
aluminium oxide (Al,O,) incorporation, present challenges for increasing the num-

ber of layers of doped material?*%.

Novel approaches have been developed based on the same solution doping tech-
nigue. Developments aiming the increment of dopant incorporation as well as its
distribution have been successfully demonstrated?*. However, the preform core size
is limited leading to secondary processes to adjust the core to cladding ratio. A
route to obtain a larger core in the final fibre is to reduce the cladding cross-section.
The use of hydrofluoric acid etching is a widely adopted process to reduce the

cladding of a preform leading to fibres with a large core.

Alternative approaches based on gas phase deposition combined with the MVCD
fabrication process have been demonstrated to be useful for large core preform
fabrication. Nevertheless, the concentration is still limited by the glass viscosity

mismatch between the cladding and the core.

The research presented in this thesis demonstrates that the OVD fabrication tech-
nigue has the required capabilities for manufacturing large volumes of the preform
core materials. Aluminosilicate glass preforms and optical fibres are reported in
this chapter. Experiments targeting a change in refractive index and RE-ion incor-
poration are described in the following sections. These experiments aim to the
develop aluminosilicate glass that can have multiple applications such as large-
volume core material and substrate tubes that can be used for deposition or as part

of pedestal structures on the waveguide for double and triple-clad fibre designs.
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8.1 Solution doping

8.1.1 Preforms

To start the solution doping fabrication initial trials focused on well-known doping
solutions in pure silica soot preforms. For the initial experimental work, Al and
Al+Yb solutions were used. High purity salts dissolved in a volume of MeOH were
prepared to be used with the solution doping process. Also, pure MeOH volumes
were used as a control to investigate the effects of the soaking process on the OVD

porous soot preforms.

OVDO0025 and OVD0027, 12 and 6 layers silica soot preforms, respectively, were
soaked for 2 hours in 200 cm® of MeOH; the solution filling/draining ratio was 2.2.
The preforms were kept overnight with a constant extract rate to reduce the solvent
content. The drying process conditions are presented in Table 7 and Table 8. The
dehydration and consolidation conditions were kept unchanged for both preforms

and are described in Table 9.

Number of pass Gas Flows Rotation H,/0; Traverse speed Time
[scem] [RPM] ratio [m-min?) [min]

1 N, = 2000 1 2 - 30

2-7 N, = 2000 1 2 0.100 -

Table 7. Drying conditions of preform OVD0025.

Number of pass Gas Flows Rotation H,/0; Traverse speed Time
[scem] [RPM] ratio [m-min?] [min]
1 N, = 2000 - - - 14
2 N, = 2000 - 2 - 24
3-12 N, = 2000 1 2 0.200 -
13 N, = 2000 1 - - 11

Table 8. Drying conditions of preform OVD0027.

AT [K-min Rotation Feed speed Retraction speed
TIKl 1 Gas Flows [RPM]  [m-min] [m-min]
1315 10 He/Cl; ratio = 16.66 3 0.010 0.025
1848 10 He = 2000 sccm 3 0.005 Up to cool

Table 9. Dehydration and consolidation parameters of preform OVD0025 and
OVvD0027.

Preform OVD0025 was made from 12 layers of porous soot, and was soaked in

MeOH to investigate the effects of the soaking process on the OVD porous soot
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preforms, during the solution doping technique. After dehydration and consolida-
tion processes, an opaque preform was obtained. Image 40 shows the roughness

in the surface of the consolidated preform.

Image 40. Preform OVDO0O025 after the consolidation process.

Post-processing of the preform was performed to eliminate the roughness of the
surface; Image 41 shows the change to the tip of the preform after exposure to
high temperatures. The preform was exposed directly to H,/0, flame using a hand
torch.

Image 41. Preform OVD0025 made transparent after heating the tip.

A cross-section of the preform is presented in Image 42. The region between the
transparent and rough surface reveals that the opaque undesirable condition is
only in the outer layers of the preform. SEM micrographs also confirms the outer

location of the defects, see Image 43.
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Opaque outer layers

Central hole due to
bait rod removal

Central region with
transparentglass

Image 42. OVD0025 cross-section showing opaque layers on the outside.

100 pm EHT = 20.00 kV SE1 8 Jan 2014 ZEISS
WD = 12.0 mm OVDControlbubble_ring007 tif 14:09:14

Image 43. Micrograph of defects in outer layers of preform OVD0025.

The entire preform was exposed to high temperatures to make it transparent. A
change of the colour flame indicated that the outer layers still had some volatile
residues, see Image 44 a). Also, luminescence from the inner layers can be
observed in Image 44 b). Sections of the preform deformed due to thermal expan-

sion of the volatile content trapped in the glass.

110



Chapter 8 Aluminosilicate Glass

Image 44. Solution doping preform; a) Flame colour change during the heating

process, and b) luminescence from the inner layers.

Bubbles started appearing along the preform. After repeated passes at high tem-
perature, the final solid rod was sliced and observed using the SEM. Observations
from Image 45 reveal that the bubble sections also correspond to the outer layers,
the central part of the preform remained intact. The outer surface was smooth due

to the high temperatures, but the bubbles remained inside.

200 pm EHT = 20.00 kV SE1 8 Jan 2014 ZEISX
WD =10.5 mm QOVDControlbubble015 tif 14:05:21

Image 45. Micrograph of bubbles trapped in preform OVD0025.

Preform OVD0027, made from 6 layers of porous soot, was processed in the same
way as preform OVDO0O025 to investigate the correlation between the density of the
layers and the effects observed in the 12 layer preform. After dehydration and con-
solidation processes, an opaque preform was obtained. The same high-
temperature treatment was performed for this preform to obtain a transparent

glass preform.
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8.1.1.1 Aluminium

OVDO0026, a 6 layer porous soot preform, was soaked over 2 hours in a 0.0187M
solution of AICL;; the solution filling/draining ratio was 2.2. The preform was kept
overnight with a constant extract flow to reduce the solvent content. The drying
process conditions are explained in Table 10. Also, the dehydration and consolida-
tion parameters are described in Table 11.

Number of pass Gas Flows Rotation H,/0, Traverse speed Time
[scem] [RPM] ratio [m-min?) [min]
1 N, = 2000 1 2 - 17
2-11 N, = 2000 1 2 0.200 -
12 N, = 2000 = - - 63
13-22 N, = 2000 1 2 0.200 -

Table 10. Drying conditions of preform OVD0026.

AT [K:min’ Rotation Feed speed Retraction speed
TIKl 1 Gas Flows [RPM]  [m-min] [m-min‘t]
1315 10 He/Cl; ratio = 16.66 3 0.010 0.025
1848 10 He = 2000 sccm 3 0.005 Up to cool

Table 11. Dehydration and consolidation parameters of preform OVD0026.

After dehydration and consolidation processes, an opaque preform was obtained,
see Image 46. High-temperature treatment of the preform was performed to obtain
a transparent glass preform which was collapsed on an MCVD lathe, obtaining a
~6mm diameter solid rod shown in Image 47. Small bubbles were observed along
the preform in the outer layers.
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Image 46. Preform OVD0026 after the consolidation process.

Image 47. Preform OVD0026 after the collapsing process.

8.1.1.2 Aluminium - Ytterbium

OVD0023, a 12 layer porous soot preform, was soaked over 2 hours in a 0.2249M
solution of AICI; in addition to a 0.0536M solution of YbCl;; the solution fill-
ing/draining ratio was 2.2. The preform was kept overnight on the solution doping
apparatus described in Chapter 2. The drying process conditions are explained in
Table 12. Multiple passes of the drying process were required to ensure that all the
volatile compounds evaporate completely. Also, the dehydration and consolidation

parameters are described in Table 13.

Number Rotation H,/0; Traverse Time
of pass Gas Flows [scem] [RPM] ratio speed [min]
[m-min?]
1 N, = 1000 - - - 300
2 N, = 1000 1 2 - 27
3 N, = 1000 1 2 - 40
4 N, = 1000 1 2 0.027 -
5 N, = 1000 - - - 835
6 N2 =2000 1 2 - 10
7-9 N> = 2000 1 2 0.100 -
10-11 N, = 2000 1 2 0.075 -
12 N, = 2000 - - - 1080
13 N, = 2000 - - - 1020
14 N, = 2000 1 2 0.100 -
15 N, =2000; O,=50 1 2 0.100 -
16 N, =2000; O,=110 1 2 0.100 -
17 N, =2000; 0O, =150 1 2 0.100 -
18 N, =1000; O, =150 1 2 0.100 -
19 N, =1000; O, =300 1 2 0.100 -
20 N, =1000; O, =500 1 2 0.100 -
19 N, =1000; 0, =1000 - 2 0.100 -
20 N, =500; O, =1000 - 2 0.100 -
21 0, =1000 - 2 0.100 -

Table 12. Drying conditions of preform OVD0023.
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Rotation Feed speed Retraction speed

T[K] AT [K-min? Gas Fl

[K] [Kemin~] as rlows [RPM] [m-min?) [m-min?)
1315 10 He/Cl; ratio = 16.66 3 0.010 0.025
1848 10 He = 2000 sccm 3 0.005 Up to cool

Table 13. Dehydration and consolidation parameters of preform OVD0023.

EDX analysis of the outer layer of the soot was performed, and it is presented in
Image 48. Molar concentrations of the chloride and oxide compounds is not possi-
ble to determine since the percentage of chlorine in the sample could be from Al

or Yb compounds, in any possible combination with the oxides present.

Nevertheless, it is clear to appreciate the presence of each element by their weight

contribution to the sample which was determined to be: Al = 10.71wt% and Yb =

26.64wt%. On the other hand, it was possible to calculate the presence of SiO,
43.55mol%.

Spectrum 1
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Full Zcale 29347 ct= Curzar: 0.000 kel

Image 48. EDX spectrum of preform OVD0023 after solution doping.

After dehydration and consolidation processes an opaque preform shown in Image
49 was obtained. EDX analysis of the consolidated preform was carried out on the
outer surface of the preform. Molar concentrations were calculated to be: Al,O; =
25.77mol%; Yb,0; = 4.77mol%; and SiO, = 69.46mol% (see Image 50).
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Spectrum 1

0 1 2 3 4 5 G 7 g 9 10 11 12 13
ull Scale 23055 cts Cursor: 0,000 ket

Image 50. EDX spectrum of preform OVD0023 after consolidation.

High-temperature treatment was performed, but the glass preform remained its
opaque appearance. The preform was then collapsed at a much higher temperature
on an MCVD lathe resulting in an extremely high radiance and finally yielding a
~12mm diameter solid rod shown in Image 51. Bubbles along the preform were

observed.
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Image 51. Preform OVDO0023 after the collapsing process.

EDX analysis of the preform cross-section was carried out on the preform after high
temperature treatment. Molar concentrations were calculated to be: Al,O; = 0.84
mol%; Yb,0; = 1.79 mol%; and SiO, = 97.37 mol% (see Image 52).

1
ull Scale 8266 cts Cursor: 0,000

Image 52. Preform OVDO0023 after high temperature treatment; (a) SEM micro-
graph and (b) EDX spectrum.

The preforms were drawn into fibres for their characterisations. The fibre fabrica-

tion process is described in the following section.
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812 Aluminosilicate glass fibres

To evaluate the characteristics of a glass preform, a suitable fibre should be
fabricated for characterisations such as efficiency, RIP, absorption, OH content,

losses, etc.

An ultrasonic drilling process can be used to extract the inner section of the pre-
form as shown in Image 53; this process is advantageous when the outside of the
preform has some defects or when a specific section of the preform needs to be

avoided, e.g. bubbles, scratches and fissures.

Ultrasonicdrill head

Coolant

Drill bit Preform

Support chuck

Image 53. Ultrasonic drilling process.

Depending on the final size of the preform, or the size of the central part obtained
from the drilling process, a subsequent rod-in-tube process may be required. This
operation is carried out by inserting the solid preform into a high-quality substrate
tube as shown in Image 54; then, to prevent the preform from falling, a disposable
solid rod is attached to the end, working as a bottom seal of the assembly. Finally,

the assembly is placed in the fibre drawing tower, and it is processed into a fibre.
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Substrate tube

Image 54. Rod-in-tube technique; a) assembly components, and b) final assembly.

8121 Aluminium

Core-drilling removed the central region of OVD0026. The Ultrasonic mill was used
to remove the central part of the preform and then it was inserted into a high-
quality substrate tube. Afterwards, it was drawn into a 125um diameter fibre,
A0519_0VDO0026. The refractive index profile of the fibre shown in Graph 52 pre-
sents a negative step index change; the value of An = -5x10* corresponds to the
refractive index contrast of a pure silica deposition made by the OVD process. The
diameter of the core section of 37.7 uym is in line with the preform/fibre ratio ex-
pected for the 3.5mm OVD deposited core diameter. A difference in the contrast
of the cross-section (see Image 55) shows the boundaries of the core region and
the F-300 glass used during the rod-in-tube technique.

The evidence suggests that the aluminium chloride used for the doping process
was evaporated due to exposure to high temperatures before the oxidation process.
Evaporation of dopants can happen if the samples were heated at high tempera-

tures in an inert atmosphere or without enough oxygen flow.
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Graph 52. Refractive index profile of fibre AO519_0VDO0026.

Image 55. Optical microscope image of the cross-section of AO519_0VD0026.

8.1.2.2 Aluminium - Ytterbium

Preform OVDO0023 was also processed by ultrasonic drilling and then sleeved in an
F-300 tube. Afterwards, it was drawn into a 125pum diameter fibre,
A0522_0VDO0023. The fibre profiler model S14 measured the refractive index. The
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Graph 53 a) presents a value of An = 3.6 x10*, which corresponds to the refractive
index contrast of the OVD deposited core. The diameter of the core section of 37.7

um agrees with the preform/fibre ratio expected for the 3.5mm core diameter.

An off centred peak value of An = 14.1 x10* is noticeable on the FRIP, correspond-
ing to the refractive index contrast of the central part of the deposited preform.
Since the preform was post-processed by ultrasonic drilling, the centre of the orig-

inal preform is not located in the centre of the fibre.

The fibre profiler S14 software allows the possibility to generate refractive index
profiles focusing on the highest An. The measurement can be based on the peak
value. Graph 53 b) presents the plot generated by this technique; a peak value of
An =0.010 is evident from the FRIP. A difference in the contrast of the cross-section
in Image 56 a) shows the boundaries of the deposited core region and the F-300
tube, while Image 56 b) shows the bright spot corresponding to the off-centred An

peak that was measured.

a) b)
. 0.012
0.010 A0S522.0VDO0023 —— A0522_0VD00023c
0.008 0.010 4
I 0.008 -
0.006 - 0.006 -
S 0.004 S 0.004
0.002 1 0.002 1
0.000 -
0.000 A 0.002 |
-0.002 + " " - -0.004 .
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Radius [um)] Radius [um]

Graph 53. Refractive index profile of fibre AO522_0VDO0023; a) profile centred by
the diameter and b) profile centred by the highest refractive index

change.
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Image 56. Optical microscope image of A0522_0VDO0023; a) cross-section and b)
shows the bright spot of the high refractive index change peak.

Absorption measurements were carried out using a WLS and an OSA. The spectrum
obtained from the wavelength range of 600 nm-1500 nm presented in Graph 54
shows the Yb** absorption at ~920 nm, and a concentration of ~23,750 ppm has

been calculated.

-50
—— A0522_0VD0023
_60 .
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e
Yb+3 ~23,750 ppm
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Graph 54. Ytterbium absorption of A0522_0VD0023.

Fibre losses could not be measured due to the cladding pump design of the fibre.
The low index coating of the fibre was not suitable for loss measurement. The
measurement would capture the transmission characteristics of the cladding and
absorptions from the coating. Additional fibre drawing using hi-index coating are
desirable in further developments to confirm the loss characteristics of the OVD

Yb-doped aluminosilicate glass.
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Fluorescence lifetime measurements were carried out using the setup presented in
Figure 9. A narrow bandwidth 976nm laser diode with an acoustic optic modulator
(AOM) in the laser path, driven by a wave generator attached to an oscilloscope.
The fluorescence signal was captured by an InGaAs trans-impedance amplified pho-
todetector.

Connector
976nm Diode——EH—— Launch stage {---1 Lens {---- AOM -}

Oscilloscope

RF Driver

Pulse
Generator CHI1 CH2

TR

Figure 9. Lifetime free-space setup.

Preliminary lifetime measurements were carried out using a free space setup. An
experimentally determined lifetime of ~750us agrees with the silica fabrication
group benchmark values for aluminosilicate Yb-doped fibres fabricated by solution

doping technique.

Recent modifications in the OVD system allow the incorporation of Aluminium and
RE-dopants offering a more stable process using an OVD modified solution doping
technique. Graph 55 shows the FRIP of fibre A1044 using the more controlled and

stable doping technique available for OVD preform fabrication.
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Graph 55. FRIP of OVD aluminosilicate fibre with pedestal.

Fluorescence emission from Yb*? ions is observed when the sample is tested under
the IFA-SEM. The fluorescence emission shown in Image 57 is an indication of RE

incorporation in the glass matrix.

Image 57. IFA-SEM shows fluorescence of Yb** ions in the aluminosilicate glass.
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Graph 56. Absorption measurement of Yb*® ions into the aluminosilicate glass.

Initial absorption measurements on the aluminosilicate glass samples shown in
Graph 56 presents the characteristic absorption peak of Yb* at ~920nm and
~976nm wavelength in aluminosilicate glass. It has been demonstrated that the

novel approach is effective for the RE dopants incorporation.

8.1.3 Conclusion

Conventional solution doping on OVD preforms still requires refinement. Modified
solution doping directly into the torch seems to offer more uniformity on the way
the dopants are incorporated. The process still requires minor adjustments to pre-
vent preferential depositions in the layer interfaces. Additional investigations using
high index coatings are required to determine the transmission loss of the alumi-
nosilicate glass. This work shows that the OVD process is capable of fabricating
aluminosilicate glass in a wide range of compositions either without RE dopant or
incorporating RE ions through Solution Doping (SD) or Modified Solution Doping
(MSD).

124



Chapter 9 Phosphosilicate Glass

Chapter 9 Phosphosilicate Glass

9.1 SiO./P,0s

Phosphosilicate glass, when doped with rare earths, is critical in the fibre lasers
industry, and especially for high power applications. Perhaps its resistance to
photodarkening would be its most significant attractiveness in addition to its
broader absorption bands and emission towards longer wavelength compared to
aluminosilicate RE-doped fibres. Phosphorus is also frequently added to the silica
preforms for improve the transmission characteristics below 1um or to build up

pedestal structures in double and triple clad structures.

Image 58. OVD burner with POCI; and SiCl, flows.

It is widely known that incorporating phosphorous into OVD and VAD processes,
using a precursor such as POCI;, is challenging to achieve and can also lead to
undesired reactions in the flame. The improved OVD process developed during this

research project allows the combination of phosphorous and silicon halides as
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shown in Image 58. Similar to the depositions mentioned in Chapter 7, the temper-
ature of the burner is required to be reduced minimising the evaporation of phos-

phorous dopant during the preform build-up process.

Initial experimental work on the phosphosilicate glass was focused on developing
the glass. A preform was fabricated using low phosphorous flow to achieve a min-
imum refractive index contrast. After the consolidation process, the transparent
and defect free preform was drawn into a cane. Graph 57 shows the RIP from a
cane drawn from a phosphosilicate OVD preform. This deposition presents an ultra-
low NA of 0.027. The capability to achieve low and medium refractive index
changes open the possibility to use phosphosilicate glass as a substrate for con-

ventional MCVD deposition or to jacket a different glass composition.
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Graph 57. RIP of an ultra-low NA phosphosilicate cane.

The developed capability of using passive phosphosilicate claddings can be a turn-
ing point on the way large pedestal preform designs are fabricated. Potentiality
using this glass, the cladding can be adjusted to any particular NA, allowing to
match the core refractive index and tailor the way the high order modes will be

leaked out of the fibre for high power laser applications.

Dehydration and consolidation parameters were also adjusted using the experi-

mental conditions from Chapter 7 as a starting point.

126



Chapter 9 Phosphosilicate Glass

9.2 Si0,/P,0s/Yb,0;

Adding RE-dopants to phosphosilicate glass fabricated by OVD process is a crucial
development in the way optical preforms are currently fabricated. Using the
development described in this section, it is possible to tailor pedestal structures
and ultra large core fibres which currently cannot be fabricated with the traditional
processes. Elliptical cores and limited uniformity are an example of the challenges

this improved process can overcome.

As mentioned in section 9.1, the capability of using phosphorous and silicon hal-
ides together is a unique capability developed on the ORC system. It gives a com-
petitive advantage in research capabilities, product development and of course col-

laborative research with the photonics industry.

0.008 - — A1103
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0.000 -
-100 -50 0 50 100
Radius [um]

Graph 58. FRIP from an ORC-OVD Yb-doped phosphosilicate sample.

OVD modified solution doping performed the RE incorporation. After consolidation,
the transparent and defect free preform was drawn into a fibre. The FRIP shown in

Graph 58 was obtained by using the IFA.

This sample has a sizeable pedestal-like feature which demonstrates not only the
capability to build the pedestal structure; but, also demonstrates the capability for
manufacture large core preforms. For this sample, the pedestal-like area is also
doped with RE. At the centre of the profile, the characteristic central dip for phos-
phosilicate preforms is evident.
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The two-dimensional refractive index profile in Graph 59 shows the circularity of
the final fibre. The circular profile of a large core/pedestal phosphosilicate fibre is
only possible to achieve by using OVD fabrication. Differences between the viscos-
ity of the substrate tube glass and the glass from the deposition layers are the main
reason for non-circular cores and pedestal structures when fabricated by MCVD.
Since OVD preform growth happens in soot form; in both core/pedestal and clad-
ding, the viscosity difference does not have a significant impact on the circularity

of the final preform and fibre.
2D Measurement Data at 633nm
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Graph 59. Two-dimensional FRIP of an ORC-OVD Yb-doped phosphosilicate fibre.
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Doped region boundaries
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.
Region within the focal length
(limited by equipment)

Image 59. Stimulated emission of Yb ions (IFA-SEM) on large core OVD Yb-doped
phosphosilicate fibre.

Stimulated emission measurement from the IFA shown on Image 59 cannot resolve
the large core measurement due to focal length limitations between the lenses and
the CCD camera that collects the emission from the samples. Nevertheless, the
fluorescence emission from the Yb** is a clear indication of the incorporation of Yb

into the glass and provide a reference to its distribution.

9.3 SiO,/P,0s/GeO,

Phosphosilicate glass doped with germanium is a typical component of the pedestal
structures on the optical preforms and fibres used mainly for high power applica-
tions. The use of the pedestal structure allows us to tailor a low NA of the wave-
guide when the core has a significant refractive index difference with respect to the

cladding.

The inner cladding structure enables the possibility of using single-mode condi-
tions on a highly doped fibre. Pedestal structures can also be part of a heat man-

agement design by selectively controlling the modal propagation in the fibre.
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Graph 60. FRIP of a pedestal structure fabricated using SiO,/P,0:/GeO, glass.

Phosphosilicate glass doped with germanium was successfully deposited and later
consolidated to obtain a pedestal structure with pure silica cladding. Preforms were
drawn, and its refractive index profile is presented in Graph 60. The ripples in the

FRIP are an indication of the multiple layers used during the deposition stage.

Deposition ripples can be reduced by optimising the deposition conditions and
when the deposition is drawn into a more significant preform to fibre ratio. The
fibre presented on Graph 60 has a central region of approximately 24pm where the
core region is expected to be. To obtain the FRIP shown in Graph 60, the central

region was filled with index matching oil.

9.4 Conclusion

Phosphosilicate glass fabricated by OVD, either passive or active have a wide range
of applications primarily in the fibre laser industry. Large core fibres and higher
dopant concentrations can now be achieved, minimising the current limitations
faced by other processes such as MCVD-SD or MCVD-CDS. Due to the nature of the
OVD process, the viscosity mismatch between materials that provoke elliptical

cores has been overcome.

Additionally, it is also possible to eliminate the use of additional phosphorous flow
during the MCVD collapsing preform process. This operation is commonly used to

compensate for the evaporated phosphorous content. Nonetheless, this is also the
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main reason for abnormal distribution on the RE-dopant and unexpected changes

on the deposited glass refractive index.

Depositions of pure phosphosilicate glass or doped with germanium have been
successfully demonstrated. Also, depositions in the form of pedestal structures

using a range of phosphosilicate glass have been successfully demonstrated.
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10.1 Thulium-doped Fibres Spectroscopy

Investigations of fluorescence lifetime, absorption and fluorescence emission were
performed on thulium-doped fibre made in-house. The experimental setups and
the parameters used on the spectroscopies are presented in this section. Fibres
were fabricated by members of the silica group including Prof. Jayanta Sahu and
Deepak Jain. The characterisation and analysis of the fibres were conducted by the

author.

Thulium-doped fibres have been studied for its potential application in the 2-mi-
cron region. However, the spectroscopy of this rare-earth has unique characteris-
tics. The main feature of the thulium-doped fibres is that they can exhibit a phe-
nomenon known as two-for-one cross-relaxation. The two-for-one cross relaxation
happens when one ion is excited to a higher energy level, and a second ion is
excited by the energy released during an initial stage of deactivation without fluo-
rescence. Finally, both ions return to the ground state by releasing one photon each

and emitting at the same wavelength.

The particular characteristics of the thulium ions had attracted the interest of re-
searchers around the world to understand its spectroscopy and the effect of the

glass host and doping concentration'*'>%%,

10.1.1 Fluorescence lifetime

The selected pump wavelength for the lifetime measurements was 1565 nm. Two
different setups were used: a tuneable laser source (TLS) with an erbium-doped
fibre amplifier (EDFA); and a narrow bandwidth laser diode. Both setups use an
acoustic optic modulator (AOM) driven by a wave generator attached to an oscillo-
scope. The fluorescence signal was captured by an InGaAs trans-impedance ampli-
fied photo-detector.

Although two different laser sources were used, the fluorescence lifetime measure-
ments from the two measurements did not differ. The same values of fluorescence

lifetime were obtained from the setups of Figure 10 and Figure 11.
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Figure 10. Lifetime setup using a tuneable laser source with an EDFA.
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Figure 11. Lifetime setup using a narrow bandwidth laser diode.

The pulse period and pulse width used in the wave generator during the lifetime
measurements were 50 ms and 10 ms respectively. The experimental data were
processed and fitted into a stretched exponential decay mathematical model ex-

pressed by Equation 12.

axexp(—(b*x)"p)+c

Equation 12. Stretched exponential decay.
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Due to the experimental setup and electronics limitation, there is an offset between
the ground level of the measurements and the ground level of the instrument. Nev-
ertheless, the mathematical model takes this offset into account as a constant term
added to the end

The fluorescence lifetime values of the in-house thulium-doped fibres analysed

have been summarised in Table 12.

Fibre Lifetime [us]
A0017_L30267 366
A0204_L10128 415
A0269_L10164 347
A0275_L10179 350
A0282_ 110187 312
A0300_L10191 340
A0331_L30273 582
A0338_L10232 300
A0350_L10232 438
A0352_110238 334
A0371_1L10238 331

Table 14. In-house thulium-doped fibres lifetime values.

The fluorescence lifetime decays of the thulium-doped fibres investigated in this

section are shown in Graph 61.
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Graph 61. In-house thulium-doped fibres + OFS reference fibre.

The differences in the lifetime values are mainly related to the difference on the

amount of dopants fixed into the silica matrix; for the in-house fibres, the dopants
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are Al and Tm. Two doping techniques were used during the preform fabrication
processes. Table 15 shows which fibres were fabricated with each type of doping

technique.

Doping Technique Fibres

Gas phase + Solution doping A0017 L30267

A0338_L10232
Solution doping A0204_110128
A0269_L10164
A0275_110179
A0282_110187
A0338_L10232
A0350_L10232
A0352_110238
A0371_110238

Table 15. Characterised fibres sorted by doping technique.

Table 16 presents the amount of each dopant in the solution used when the pre-

forms were fabricated.

Fibre AlCl; [g] TmCls [g]
A0204_110128 40 3
A0269_110164 40 10.25
A0275_110179 45 6.2
A0282_110187 45 10.25
A0300_L10191 40 3
A0338_110232 45 10.2
A0350_L10232 45 10.2
A0352_110238 45 10.2
A0371_110238 45 10.2

Table 16. Solutions used in the thulium-doped fibres fabrication.

EDX measurement in the fibres was performed to identify the core composition.
The samples were prepared carefully by stripping the coating and cleaving a flat
surface in the fibres. The cleaning procedure included the use of acetone, and fi-
nally, samples were coated with ~50nm of carbon for conductivity purposes. Table
17 contains the calculated mol% composition of the thulium-doped fibres, in the

core region.
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Core composition [mol%]

Fibre
o Al Si Cl Tm
A0017_L30267 66.42 2.33 31.06 0.02 0.18
A0204_110128 67.27 2.96 29.63 - 0.14
A0269_L10164 66.41 3.23 29.91 0.01 0.45
A0275_L10179 66.36 2.48 30.97 - 0.20
A0282_L10187 66.70 1.84 31.51 0.04 0.27
A0300_L10191 63.77 1.08 35.09 - 0.07
A0331_130273 64.25 6.34 29.29 - 0.13
A0338_110232 67.03 4.01 29.38 - 0.52
A0350_L10232 68.34 2.68 28.53 0.01 0.44
A0352_110238 64.04 3.53 31.90 - 0.55
A0371_L10238 65.70 3.11 30.59 0.03 0.58

Table 17. Core region composition in mol% of Thulium-doped fibres.

It is not possible to establish a relationship between the dopant concentrations and
the lifetime values independently. Other fabrication parameters were studied as a
possible source of the variability observed in the lifetime, but no consistency was

found. Graph 62 shows the fluorescence lifetime values obtained.
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Graph 62. Fluorescence lifetime values.
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However, a two variables correlation exhibited in Graph 63 explains the behaviour

of the fluorescence lifetimes observed in the in-house thulium-doped fibres.
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Graph 63. Two variables correlated with the lifetime.

Based on the previous two variables relation, the model proposed in Graph 64 has
been established. Nevertheless, the model requires future experimental work to

validate the accuracy of the model, since it is only based on the current available
data.
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Graph 64. Proposed two variables model for lifetime as a function of Tm and Al.
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10.1.2 Absorption

The absorption measurements have been obtained using a WLS and an OSA as de-

scribed by the setup diagram shown in Figure 12:

SMF FUT SMF

WLS OSA

Figure 12. Absorption setup.

The data collected from the OSA has been processed. Graph 65 correlates the ab-
sorption values and thulium concentration into the silica matrix within the in-house

fibres.
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Graph 65. Absorption as a function of thulium concentration.

10.1.3 Emission (fluorescence)

Emission or fluorescence measurements have been obtained using an indirect tech-
nique which involves the use of an auxiliary fibre (only glass) to collect the emission
around the FUT, then the signal transported by the auxiliary fibre was measured by
an OSA.

The same 1565 nm wavelength previously used for the lifetime measurements has
been employed for the emission measurements. Two different setups have been
utilised: a TLS, followed by an EDFA shown in Figure 13; and a narrow bandwidth

laser diode shown in Figure 14.
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Connector
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Figure 13. Emission setup using a TLS and an EDFA.
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Figure 14. Emission setup using a narrow bandwidth laser diode.

Graph 66 shows the differences in the emission spectra from using the two laser
sources, in which the signals acquired from the TLS + EDFA presents a residual
lower broader emission due to the EDFA bandwidth. However, those residual sig-
nals (<30dB) were neglected for this study.
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Graph 66. Comparison of emission spectra from different laser sources used for

lifetime measurements.

10.1.4 Emission and absorption cross-section

The acquired information has been processed to determine the emission and ab-
sorption cross-sections. The method to determine the emission and absorption

cross sections used in this work was the F-L equation shown in Equation 13.

The F-L equation is commonly used for calculating the emission and absorption

cross-sections of laser gain media.

ASI(D)
7= 8nnZct,g) | M (A)dA

Equation 13. Fuchtbauer-Ladenburg equation®.

Separating the equation into single terms, the numerator factors are already
known: A = wavelength, | = Intensity of the absorption or the emission, depending
on the case. The denominator seems to be more complicated, but most of the terms
are also known: n = refractive index, c = speed of light in vacuum, 1,4 = radiative
lifetime, which is constant for these specific fibres with a value of 4.5 ms. Finally,
the integral term is based on the intensity measurements of the absorption or the

emission, as applicable.
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The determined absorption cross-section of the fibre has been plotted in the Graph
67.

—— Absorption

Cross-section x102° [m?]

1400 1500 1600 1700 1800 1900 2000
Wavelength [nm]

Graph 67. Absorption cross-section.

Once determined the emission cross-section of the fibre, it has been plotted in the
Graph 68.
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Graph 68. Emission cross-section.
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Finally, both graphs are plotted together in Graph 69 where it is possible to appre-

ciate the overlapping between the emission and absorption curves for this experi-

ment.
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Graph 69. Emission and absorption cross-section.

10.1.5 Conclusion

The information acquired from the spectroscopy study suggests that for a high
concentration of thulium, lifetime tends to be limited. It can be explained by the

guenching of the thulium ions leading to a non-fluorescence deactivation process.

The samples containing higher aluminium concentration have increased fluores-
cence lifetime values. It is expected because the aluminium acts as a cluster sup-
pressor allowing a better and more uniform distribution of the dopant into the

glass matrix.

In order to achieve high thulium concentrations without suffering from quenching,
the core composition must have a high concentration on aluminium and allow a

homogenous dispersion of the rare-earth ions.

Further fabrication of thulium doped fibres is required to extend this study by in-
creasing the concentrations of aluminium and keeping the thulium concentration
fixed. Conversely, a set of fibres is required using a fixed high concentration of

aluminium and varying the concentration of thulium.
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10.2 Chelate Deposition System

This section has contributions from Andrey Umnikov and Norberto Ramirez on the
MCVD preform fabrication and Pranabesh Barua on the fibre drawings for some of
the samples. Additional fibre drawing and the analysis in the section are contribu-
tions from the author.

10.2.1 Introduction

The CDS system offers the capability to delivery RE-dopants via gas phase. The
system has the capability to be used either in MCVD and OVD processes. The gas
phase incorporation of network modifiers can also be achieved by using the CDS.
During preform fabrication, substantial incorporation of network modifiers helps
to improve the lifetime of the RE dopant. The fibres fabricated through gas phase
presented on section 10.1 had improved compared to the traditional solution dop-

ing fibres.

Gas phase deposition offers the possibility of increasing the incorporation and
therefore the concentration of dopants in the core region in comparison with tra-

ditional solution doping.

MCVD is commonly used with standard solution doping allowing the incorporation
of glass matrix modifiers such as Al,O; to prevent clustering of the rare earth ions.
In order to increase the rare-earth concentration, it is also required to incorporate
more Al into the glass.

Unfortunately, the conventional solution doping technique has its limitations. In-
creasing the concentration of the solution increases its viscosity making it more
difficult for the solution to penetrate into de deposited soot. By only using solution
doping it is challenging to obtain concentrations above 3.5 - 4 mol%. Moreover,
defects in the interface between core and cladding start appearing due to viscosity

mismatch between glass compositions®.

Combining the deposition of Al by gas phase and Tm using solution doping is a
feasible approach to overcome this limitation. This approach provides the capabil-
ity to use high aluminium content and high purity rare-earth precursors for the
preform fabrication having a better dispersion of the dopant in the core.
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10.2.2 Experimental results

Lifetime measurements on Yb-doped aluminosilicate fibres drawn from preforms
fabricated by MCVD-CDS were compared with fibres from preforms fabricated by
MCVD-SD. Graph 70 shows the increased lifetime obtained on samples fabricated
by CDS compared to conventional SD samples.
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Graph 70. Increased lifetime in Yb:Al fibres fabricated by CDS.
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Graph 71. Increased lifetime in Tm:Al fibres fabricated by Hybrid process.

A hybrid process between gas-phase and solution doping has been explored, and
it had proved that it also contributes towards longer lifetimes. The approach was

experimentally tested on aluminosilicate Tm-doped fibres. Graph 71 shows the
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general increment on lifetime values measured in the fibres fabricated using a hy-

brid process compared to traditional solution doping and crucible technique.

10.2.3 Conclusion

The gas phase deposition using a CDS system still requires refinement. Large core
depositions can be achieved. However, the difference in viscosity between the sub-
strate glass and the deposited layers start to be a significant issue as the concen-

tration on aluminium or phosphorous increases.

With high concentrations non-circular and irregular shapes in the core region limit
the amount of aluminium or phosphorous that can be incorporated, which also has
an impact on the amount of rare earth that can be incorporated without suffering

from ion clustering.

Potential cross-contamination between rare-earths at ppm level, in addition to car-
bon contamination of chelate precursors is an additional drawback of this technol-
ogy. Precursors used in solution doping are readily available in the market with

purity levels of 6N.

The experimental results presented in Chapter 8 and Chapter 9 are feasible alter-
natives with the potential to overcome the current limitations on large core fabri-
cation. OVD RE-doped preforms can be produced with large core volumes main-
taining its circular geometry. Also, it helps to increase the preform to fibre ratio on

large core fibres designs.

OVD preforms can be fabricated from a single or multiple glass compositions with-
out suffering from viscosity mismatch. Additionally, if required, single glass core
compositions can be over jacketed in a secondary process with pure silica deposi-

tion giving the freedom to fabricate almost any core to cladding ratio requirements.
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10.3 Hydrogen barrier

This section has contributions from Andrey Umnikov on the MCVD preform fabri-
cation and Austin Taranta in a part of the optical characterisation. The preform
assemblies, post-processing, fibre drawing, part of the optical and thermal charac-
terisation as well as preforms and fibre characterisations, data processing and data

analysis are from this researcher authorship.

10.3.1 Introduction

A hydrogen diffusion barrier in optical fibres is required to overcome the losses as
a result of the absorption band of molecular hydrogen. Absorption band of molec-
ular hydrogen attenuate the signal transmitted through the optical fibre due to
wavelength overlapping. Diffusion of molecular hydrogen into the fibre is the iden-
tified mechanism for this attenuation to happen. Therefore, a material with a lower

hydrogen diffusion is required to protect the optical fibre for this attenuation®*°.

10.3.2 Fabrication methods

This work proposed an alumina ring as hydrogen diffusion barrier and the four
different fabrication approaches were follow to achieve the desired optical fibre

design shown in Figure 15 are explained below.

147



Chapter 10 Additional Projects

Preform core
Ge-doped preform
Barrier

Over-cladding

Figure 15. Schematic of fibre design with a diffusion barrier.

10.3.2.1 Alumina rich tube

The approach included a hybrid fabrication method using the conventional Modi-
fied Chemical Vapour Deposition (MCVD) system and a gas phase deposition sys-
tem. The combination of these technologies allowed the deposition of a thin alu-
mina-rich glass using gas phase technique. The amount of alumina was estimated
to be ~20mol%, same that was measured by energy dispersive X-ray spectroscopy

(EDX) shown on Image 60, assuming all the Al signal is from an oxide form.

Spectrum 1

0 1 2 3 4 5 5] 7 g 9 10 11 12 13
Full Scale 12480 cts Cursor: 0,000 ket

Image 60. EDX spectrum from the inner wall of alumina-rich substrate tube.
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Optical measurements such as refractive index profile (RIP) were not possible to
use for establishing the alumina content due to the well-known high stress of the
layer that interferes with the readings. Graph 72 presents the effect of the stress

on the preform refractive index profile

0.020

—— L30452_sleeved
0.015 A

0.010 -

Alumina rich layer

0.005 - /

0.000 -

An

-0.005 H

_0.0]O T T T T T T T

Radius [mm)]

Graph 72. Refractive index profile of germanium-doped preform sleeved inside

alumina rich substrate tube.

A subsequent sleeving process was performed inserting the optical preform into
the tube with the alumina-rich layer. Finally, the preform was drawn to a standard
125um fibre coated with acrylate DSM-314. The characteristics of the geometrical
uniform ring were: a maximum thickness of 7um at the base of the optical profile
and a maximum change of refractive index of An=0.008; corresponding to a final
~4mol% of alumina content on the ring of the fibre. The fibre refractive index was
measured in 1-dimension profile shown in Graph 73 and using de IFA a 2-dimen-

sions profile shown in Graph 74.
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Graph 73. FRIP of single alumina ring fabricated by the gas phase deposition sys-

tem and Ge-doped core.

2D Measurement Data at 645nm
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Graph 74. Two-dimensional FRIP of single alumina ring fabricated by the gas

phase deposition system.

Unfortunately, by exposing the preform to high temperatures, the concentration of
alumina in the interface zone decreases due to the diffusion mechanism into the
surrounding silica host. Increasing the alumina content on the substrate tube was

explored. However, the stress on the layer started to build up, and the deposited
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layer started to shatter, this is due to the mismatch on thermal expansion coeffi-

cients between the materials.

10.3.2.2 Sapphire (100% Al,O, single-crystal)

The use of sapphire as a high aluminium oxide source for the hydrogen barrier was
explored. Initial experiments using the sapphire tube inserted in a substrate show
that the main difficulty with this approach is to prevent the diffusion of the inter-
face. Image 61 a) shows the irregular distribution of alumina-rich regions on initial
trials.

Silica substrate

Alumina rich region

Image 61. Sapphire in silica fibres; a) irregular distribution and b) regular distri-

bution

The irregular distribution of the alumina-rich region was controlled by optimising
the drawing conditions, see Image 61 b). The approach involved the use of sapphire
crystal substrates that are expensive and has a limitation on delivery time and
length availability. Thus, no further experiments were carried out using this ap-
proach. Nonetheless, the material behaviour showed promising results that can be

a potential alternative to achieve the highest alumina concentrations.

10.3.2.3 Sapphire-like structures

Alternatively, 98% alumina structures, readily available and low-cost ceramic based
samples were used trying to achieve higher concentrations of alumina for the hy-
drogen barrier. This approach was using the sapphire-like structure on the sur-
roundings of an optical preform, giving the structure a single heat exposure, re-

ducing the diffusion mechanism. Nevertheless, the higher the alumina content, the
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higher the materials mismatch and if the alumina-rich region is too thick, to the

point that the fibre starts presenting signs of stiffness.

Silica substrate
Alumina rich region
Preform core

Preform cladding

Image 62. Fibre with diffusion barrier fabricated using Sapphire-like structures.

It is important to consider that the diffusion mechanism is a dominant phenomenon
in this type of process. The temperatures required for this process provoke a low
viscosity silica host at temperatures where the sapphire-like structures start flow-
ing. Increasing the viscosity of the silica glass; allows reducing the diffusion mech-
anism and increase the concentration where the sapphire-like structure is present,

see Image 62.

Fibres obtained through this process achieved the higher alumina concentrations.
The higher concentration was calculated to be ~34mol% with a refractive index
change of An=0.064 shown in Graph 75.
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Graph 75. FRIP of high alumina concentration ~34mol%.

The limited viscosity of the sapphire-like material prevent to control the thickness
of the ring, and it tends to be irregular in shape across the fibre. These irregularities

can allow bubbles to get trapped inside the ring region.

10.3.2.4 MCVD - solution doping

Considering the challenges of the technology transfer, and the challenges faced on
the previous fabrication processes; an alternative solution was explored using the
fabrication techniques already adopted by the industry. The fibre design was based
on the same principle of having an alumina-rich ring to stop or reduce the hydrogen
diffusion. However, in this experimental approach, the preform is entirely fabri-
cated by MCVD, without inserting the optical preform after the ring or inside the

alumina-rich structure.

The fabrication process comprised the deposition of two barrier rings using the
solution doping technique. After the first ring, a few layers of pure silica were de-
posited to separate the two barrier rings. Subsequently, a broad set of multiple
layers of pure silica is deposited, and finally, the germanium doped core is
fabricated. This approach involved multiple stages of solution doping aiming to

increase the alumina concentration.
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Graph 76. FRIP of dual alumina ring fabricated by multiple solution doping.
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Graph 77. Two-dimensional FRIP of dual alumina ring fabricated by multiple solu-

Well-defined and geometrical stable rings were achieved. The concentration of the

alumina content on
and ~3.45mol% for

with a maximum thickness of 2.8um at the base of the profile; and An=0.0069 with
a maximum thickness of 2.68um respectively. The fibre refractive index was meas-

ured in 1-dimension as shown in Graph 76 and using the IFA a 2-dimensions FRIP

shown in Graph 77.

X position (microns)

tion doping.

the rings was calculated to be ~3.05mol% for the outer ring

the inner ring. The refractive index changes were An=0.0061

154



Chapter 10 Additional Projects

10.3.3 Performance tests

The performance tests consisted in measuring the absorption of molecular hydro-
gen into the fibres. The absorption peak at ~1245nm was chosen for this measure-
ment for being the most prominent absorption peak, and it has no substantial
overlapping with other absorption wavelength peaks, preventing misleading infor-
mation or false-positive readings.

10.3.3.1 Experiment 1

The first test was performed using a hydrogen loading cell with a pressure of
120bar and kept at environment temperature. For this test, the selected fibre was
fabricated following the alumina-rich tube approach where a single alumina ring
was deposited using a gas phase technique. The sample number was
A0769_L30404. A control sample was fabricated with the same preform allowing a
direct comparison with the same germanium-doped core composition of
~12.5mol%. The control sample number was A0861_L30404.

The samples were measured before and after the hydrogen loading procedure us-
ing a white light source (WLS) with a 100W quartz halogen lamp and an optical
spectrum analyser (OSA). Samples were kept simultaneously inside the hydrogen

loading cell for 10 days, and no additional heat was applied to the chamber.

Change @1245nm

Fibre Type

[dB - km™]
A0861 Control 986.93
A0769 Single Ring 496.56

Table 18. Experimental results on single-ring diffusion barrier fibre.

After the 10 days, the single-ring fibre showed a ~50% less absorption at 1245nm
compared to the control sample. The single ring fibre had an absorption of ~496
dB-km' whereas the control sample presented an absorption of ~986 dB-km™' at

the same wavelength as described in Table 18.
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10.3.3.2 Experiment 2

The second set of experiments was carried out using a fibre fabricated by the MCVD
with solution doping approach. The conditions of the experiments remained the
same using a pressure of 120bar and kept at environment temperature. The fibre
for this test was a dual ring fibre, and its number was A0895_L30493. In this
occasion, the germanium-doped core of the preform was fabricated with a similar
concentration of ~10mol%. The control sample was a new section of the previous
fibre AO861_L30404.

Once again, samples were measured before and after the hydrogen loading proce-
dure using a WLS with a T00W quartz halogen lamp and an OSA. Samples were kept
simultaneously inside the hydrogen loading cell for 6 days, and no additional heat

was applied to the chamber.

Change @1245nm

Fibre Type

[dB-km™]
A0861 Control 741.48
A0895 Dual Ring 351.19

Table 19. Experimental results on dual-ring diffusion barrier fibre.

After the 6-day period, the dual-ring fibre showed a similar performance of ~53%
less absorption at 1245nm compared to the control sample A0861_L30404. The
dual-ring fibre had an absorption of ~351 dB-km™' in comparison to the control
sample which presented an absorption of ~741 dB-km™' at the same reference

wavelength, see Table 19.

10.3.3.3 Experiment 3

Two control samples were used to identify the behaviour of the diffusion related to
the doping concentration. Different Germanium doping concentrations on the core
were investigated 12.5mol% for a new section of the fibre A0O861_L30404, and a
6mol% of a different control sample number A0904_L10464. Experimental condi-
tions were kept constant using a pressure of 120 bar and hydrogen loading cell

kept at environment temperature.
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Samples were kept simultaneously inside the hydrogen loading cell for 6 days, and
no additional heat was applied to the chamber. Measurements from before and
after the hydrogen loading were compared. A WLS with a 100W quartz halogen
lamp and an OSA were used for the optical characterisation.

Change @1245nm

Fibre Type
[dB-km™]
A0861
(12.75mol% Geo,) ~ control 741.48
rooos Control 546.48

(6.06mol% GeO,)

Table 20. Experimental results of different GeO, concentrations on hydrogen dif-

fusion barrier fibres.

As shown in Table 20, sample A0904_L10464 with lower dopant concentration
showed ~35% less absorption at 1245nm compared to the higher dopant concen-
tration sample A0861_L30404. The fibre with germanium-doped core composition
of ~6mol% had an absorption of ~546 dB-km™'. As to the sample with ~12.5mol%
presented an absorption of ~741 dB-km?' at the specified wavelength. The
difference in the hydrogen intake is expected due to the higher germanium content

in the core of the fibre.

10.3.3.4 Experiment 4

Two hydrogen barrier designs were tested to identify their behaviour under the
same conditions. Fibres samples were A0769_L30404 with a single ring and fibre
A0895_L30493 with the dual ring. These fibres were fabricated using gas phase

technique and MCVD solution doping technique respectively.

Experimental conditions were set using a pressure of 120 bar, and the hydrogen
loading cell was kept at constant temperature. Samples were tested for 12 days,

and additional heat was applied to the chamber to maintain 333K.

Change @1245nm
Fibre Type
[dB-km™]
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A0769 | Single Ring 1122.18

A0895 Dual Ring 1006.30

Table 21. Experimental results on single and dual-ring diffusion barrier fibre.

Both designs show similar performance under extreme conditions with a slight dif-
ference of ~10% on the dual-ring design showing less absorption at 1245nm com-
pared to the single-ring fibre. Sample A0895_L30493 had an absorption of ~1006
dB-km™' and sample A0769_L30404 showed an absorption of ~1122 dB-km™ at a
wavelength of 1245nmas shown in Table 21. Samples were also measured before

and after using a WLS with a 100W quartz halogen lamp and an OSA.

10.3.4 Conclusions

Experimental results showed that the alumina-rich regions are an effective molec-
ular hydrogen diffusion barrier. Both fibre designs, single and dual-ring, show sim-
ilar effectiveness reducing by ~50% and 53% respectively the molecular hydrogen

absorption at 1245nm compared to the control samples.

There is a relation between the amount of hydrogen diffusion and the germanium
doping concentration of the core. Experimental data suggests that higher germa-
nium-doping concentration has higher molecular hydrogen diffusion. Single and
dual-ring fibre designs performed similarly under high-temperature and high-pres-

sure conditions with a minor difference of 10% on the absorption at 1245nm peak.

Experimental evidence suggests that the losses at the working wavelength
(~1550nm) are due to the increase on multiple absorption peaks on the ~1600nm
region. No experimental evidence supports the increase of OH absorption peak at
~1380nm. Using Sapphire as an Al,O; source can be a potential fabrication ap-
proach to achieve higher concentrations of alumina. The single crystal based struc-

tures have a slightly lower melting temperature than the ceramic based.

Reducing the temperatures required for processing the barrier will help to reduce
the viscosity of the silica optical preforms, expecting to eliminate the voids and
irregular shapes across the fibre. Unfortunately, limited availability of these mate-

rials reduces attractiveness for technological transfer of this fabrication approach.

Hybrid MCVD and CDS fabrication demonstrated being a suitable process for fab-

rication a hydrogen barrier. Nonetheless, the CDS technology still is not widely
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adopted by the industry. It showed a similar final alumina concentration than the

conventional MCVD solution doping technique.

The limitation of increasing alumina concentrations for the hydrogen barriers
discourages the adoption of this technology. MCVD solution doping technique
emerges as the most convenient fabrication approach for being already widely
adopted by the industry, and the amount of doping concentration is comparable
with the gas phase technique. Future development fabricating preforms using 3 or
more rings will be desirable to compare the performance of hydrogen diffusion
increasing the amount of alumina-rich regions. Fabrication of preforms with alter-
native core compositions will be desirable to identify the difference in diffusion

changes on different glass compositions.
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10.4 Customisable central depth of refractive index profile

The preforms used during this experimental activities were fabricated by Pranabesh

Barua. The drawing conditions, characterisations and analysis are from the author.

104.1 Introduction

Fibre refractive index profile from preforms with core compositions including ger-
manium and phosphorus have a distinctive feature, also known as central dip. This
characteristic is due to the evaporation of the dopant (GeO, and P,0O;) because its

lower melting and boiling temperatures compared to silica.

The abovementioned evaporation happens mainly during the collapsing process of
the optical preform. The silica glass substrate requires heating to temperatures
that can exceed 2,500K. The resultant evaporation of the dopants on the inner
layers of the deposition; leads to the decrement of the refractive index change in

the central section of the final profile.

A common practice to minimise this problem is to compensate the evaporated do-
pant by adding it during the collapsing passes. It can be achieved by adding a flow
of the reactant into the oxygen stream during the collapsing passes, leading to a

second deposition process.

This technique requires a very precise and calibrated amount of reactants flow.
When this approach is not followed correctly, the FRIP in the central region can
remain lower than expected, or if exceeded; it can result in an undesirable second-

ary central waveguide profile.

This procedure is much welcome during passive preforms fabrication. Neverthe-
less, during RE-doped preforms fabrication, this approach is no longer practical.
The refractive index profile can be homogenised. However, the RE-dopant distribu-
tion profile cannot be compensated. It leaves a central dip on the rare earth distri-
bution profile. For particular applications, the central dip can be beneficial. How-
ever, finding the resultant refractive index profile that fits the desired modal prop-

agation properties can be challenging.

Therefore, the possibility of tailoring this profile during the fabrication process

would be advantageous for either application that requires a non-central dip profile

160



Chapter 10 Additional Projects

and for those that require it, such as high power lasers working on LP,;, modes or

applications requiring to minimise the Gaussian beam profile.
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Graph 78. Custom-made central depth on FRIP.

Graph 78 shows how the refractive index profile in the fibre can be custom-made
for specific applications. Fibre drawing conditions can be optimised to achieve de-

sired depths on fibre profiles matching specific light propagation conditions.

10.4.2 Refractive index change from preform to fibre

It is important to note that the diffusion phenomenon will dominate the preform
refractive index profile change. However, diffusion depends on a number of factors
such as preform to fibre ratio; drawing temperature and exposure time to the heat

source. These conditions are studied and described in this section.

Graph 79 shows the change in refractive index profile between the preform and

fibre in the central region.
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Graph 79. Overlapping between refractive index profiles of preform L10548 and
fibre A1011.

10.4.3 Intact dopant distribution

As mentioned in section 10.4, it is required for active preforms and fibre fabrication
that the rare-earth distribution remains homogenous across the core region. The
change in central depth has been achieved by using the established condition with-

out detrimental effects on dopant distributions as shown in Graph 80.
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Graph 80. Overlapping between refractive index and dopant distribution profiles.
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10.4.4 Implementation

The established conditions do not require any additional devices or processing and
are compatible with commercial fibre drawing equipment. Process refinement can
achieve further improvements. Graph 81 presents the latest experimental condi-

tions showing additional improvement in minimising the central dip.
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Graph 81. Experimental conditions for minimum central depth on FRIP.

10.45 Repeatability of the method

Graph 82 shows repeatability of the established conditions in the alternative pre-

form.
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Graph 82. Central depth removal in the additional preform.

The method for tailoring the central depth on the refractive index profile has been
successfully implemented, and it has been reproduced in multiple preforms with

invariable results.

10.4.6 Impact of preform feed speed

Preform feed speed is the variable that can be modified during the drawing process
and it is directly related to the exposure time of the sample to the heat source. It
has a significant impact when combined with higher temperatures. However, at

normal drawing conditions, the impact is limited.

Graph 83 presents the change on the central dip at different feed speeds from 1.0
to 0.3 mm-min' at 2,293K without a significant improvement in the fibre refractive

index profile.
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Graph 83. Impact of preform feed speed in tailored FRIP.

10.4.7 Impact of drawing temperature

The impact on drawing temperature was studied by changing the furnace temper-
ature from 2,293K then 2,423K and finally 2,473K. The preform feed was kept
unchanged at 0.3 mm-min? for the three different temperatures. Change in the
profile is evident following the increment on drawing temperature as shown above
in Graph 84.
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Graph 84. Impact of drawing temperature in tailored FRIP.
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10.4.8 Impact of fibre diameter

Fibre diameter is the variable that defines the preform to fibre ratio for this appli-
cation. It is expected to have an impact on the central dip by scaling down the
width of the dip in the FRIP. A demonstrative draw was made to establish the mag-
nitude of this change using the same preform and fibre drawing conditions; the
resulted fibres of 125um and 100pum are shown in Graph 85.
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Graph 85. Impact of preform to fibre ratio in tailored FRIP.

10.4.9 Impact in fibre attenuation

It is essential to ensure that the proposed method is not having a detrimental effect
regarding attenuation in the final fibre. Extraordinary drawing conditions can intro-

duce defects in the glass.

Graph 86 shows an OTDR trace where no significant increment in losses is evident.
The attenuation level of a 125um fibre, drawn at 2,473K with preform feed speed

between 0.3 - 0.2 mm-min”' was ~10 dB-km' measured at 1285nm.
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Graph 86. Impact in fibre attenuation by tailored FRIP.

10.4.10 Conclusions

Fabrication conditions were studied to improve the central depth in the refractive
index profile of the optical fibres. Factors such as preform to fibre ratio; drawing
temperature; and exposure time to the heat source were demonstrated to have a
significant impact allowing to tailor the central dip characteristics without detri-

mental effect in losses and rare-earth dopant distribution.

Increasing the drawing temperature and reducing the preform feed speed faces the
challenge of controlling the tension on the fibre during the fibre drawing process.

The above is due to the low viscosity of the glass at high temperatures.

The use of the established fabrication parameters is compatible with large-scale
fabrication process. For production environment, it is expected to have more
substantial preform diameters requiring slower feed speed in the preform. At the
same time, it increases the preform to fibre ratio helping the closure of the central
dip. Unfortunately, the core size will remain a limitation for the use of this ap-
proach. Large core fibres remain a challenge for conventional fabrication process

such as conventional MCVD process with solution doping.

The experimental results presented in Chapter 6 and Chapter 9 are feasible alter-
natives with the potential to overcome the current limitations on the core to clad-

ding ratio.
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10.5 Fibre Bragg Gratings

This section has contributions from Andrei Donko on the inscription of the fs-FBG
and Pranabesh Barua on the preform and fibre fabrication. The optical and thermal
characterisation, as well as the data processing and analysis, are from the author
of this thesis.

10.5.1 Introduction

Fibre Bragg gratings are successfully implemented on a wide range of applications
and sectors such as automotive, aerospace and energy, among others'®''. Fibre
gratings are reliable and cost-effective sensors for discrete or quasi-distributed
temperature and strain monitoring'®>'®, In the photonics industry, FBG prevails ex-
tensively in use in telecommunications for signal filtering, and in the fibre laser
technologies, it is a valuable device for customisation of bandwidth and wave-

lengths.

Femtosecond based FBG successfully overcome the main challenges that traditional
UV-scribing technology faces. The main advantage is that the glass host does no
longer require being photosensitive'®. Especially for the fibre laser technologies, it
represents the possibility to scribe the gratings directly into the RE-doped fibres

eliminating the need of splices in the laser cavity'®'?,

Inscription through the coating is also possible when scribing FBG with femtosec-
ond techniques. That is one of the main drawbacks on the traditional UV-technique
due to the high absorption from the polymers used on optical fibre fabrication'®s.
High-temperature coatings such as polyimide present detrimental effects when us-
ing 800nm radiation. One way to reduce the problem while using that wavelength
is loading the samples with hydrogen. Alternatively, the use of higher concentra-

tions of germanium facilitates the inscription'.

Two different approaches for inscribing fs-FBG are widely in use: phase-mask'” and
direct writing. The direct writing technique offers more flexibility extending the
capabilities of inscription by adjusting the period, phase and amplitude to the de-
sired grating'®'"o"",
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Only a few authors explored high-NA fibres based on germanium-doped silica fi-
bres. Nevertheless, either the inscription technique is based on UV exposure''?, or

they use commercially available fibres with NA<0.358,'"3.

The present report explores the characteristics of a femtosecond-IR FBG’s through
the coating on a speciality optical fibre with NA>0.4. High germanium-doped fibres
are especially useful for sensing ionising radiation'*'"*, and they are of great inter-

est for laser application due to its high non-linear properties.

10.5.2 Experimental setup

The fibre was fabricated from an MCVD preform made in-house at the ORC. This
fibre was coated with a standard acrylate DSM-314 cured by photo-polymerisation.
A multi-wavelength optical fibre analyser IFA-100 was used to measure the fibre
refractive index profile. As shown in Graph 87, the fibre has a step-index profile

with a core size of 3.72um and a cladding diameter of 106um.
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Graph 87. FRIP of high NA germanium-doped silica fibre.

For FBG inscription, a 1030 nm laser system (Pharos, Light Conversion Ltd) was
used with a pulse duration of 250 fs. A frequency of 1 kHz was used with a pulse
energy of 0.7 yJ. The beam propagated through a 250 um slit before being focused
on the core of the fibre using a 0.65 NA-objective lens. A CCD camera and a

dichroic reflector were placed above the writing lens, enabling imaging of the fibre.
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Third order gratings of Bragg wavelength AB = 1554nm were inscribed. The trans-
mission spectra of the fibre was monitored continually throughout the writing pro-

cess using a supercontinuum source and an optical spectrum analyser.

After the grating inscription and initial characterisation of the FBG, the coating on
the fibre sample was removed. The setup used for the temperature dependent
study on the fibre consisted of installing the fibre through a 400mm tubular fur-
nace with an isochronal change on temperature. The temperature was monitored
externally by a thermocouple, to validate the temperature control accuracy showing
a deviation of 0.2K after 30 minutes of temperature stabilisation. The transmission
spectrum was measured using the same supercontinuum source utilised for the

inscription of the grating and an OSA.

10.5.3 Results

An initial measurement on the FBG before the temperature study shows three re-
flection features. This agrees with the fact that the fibre is few-moded at the AB.
This fibre has a normalised frequency V=3.06 which means that the fibre supports
up to four modes (HE,,, TE,;, TMy,, and HE,,) corresponding to the LP,, and LP,

modes.

The transmission spectra observed in Graph 88 shows the associated depths for
the LP,, self-coupling, LP,-LP,;, cross coupling and LP;, self-coupling modes. Both
modes LP,, and LP,, present similar power distribution. It is possible to appreciate

that the reflections are similar in magnitude (-25dB).

At the shorter wavelengths of the spectrum presented in Graph 88, it is also possi-
ble to appreciate the effect of the modes coupling due to the core mismatch be-
tween the fibre under test and the standard SMF fibre patch cords used to connect

from the SC source and to the OSA.

For this report, only the AB associated with the fundamental mode will be reported
for the temperature study. Nevertheless, all the features presented in Graph 88

exhibited the same behaviour during the study.
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Graph 88. Optical spectrum of FBG in transmission mode before temperature

study at 293K without coating.

The FBG was exposed to a range of high temperatures starting from 293K up to
773K. Graph 89 shows the temperature profiles of AB at 323K and 773K. It is evi-
dent that the intensity of the grating background loss and the profile of the grating

do not present signs of detrimental effects after being exposed to 773K.
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Graph 89. Transmission spectra of FBG reflection shows no signs of detrimental

effects on the intensity with temperature up to 773K.
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The sensitivity of the FBG has an overall response of 15.7pm/K calculated from

AL/AT with the FBG response from 293K to 773K shown in Graph 90.
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Graph 90. The variation of Bragg wavelength against temperature has an overall

sensitivity of 15.7pm/K.

The FBG was exposed at 773K for 10 hours with the aim to investigate the temper-

ature stability of the FBG due to the prolonged exposure to high temperatures.
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Graph 91. FBG wavelength and intensity changes during 10hrs exposure at 773K.
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Graph 91 shows the effects of long-term exposure at 773K. Neither the FBG wave-
length nor the intensity of the grating were affected by the 10hrs exposure to high

temperature as reported in this study.

10.5.4 Conclusions

FBG’s were successfully inscribed through the fibre coating with the fs-IR radiation
at 1030nm using the point-by-point technique. The temperature study shows that
this type of FBG can withstand temperatures exceeding 773K. That makes this FBG
a potential candidate for temperature sensors that can be used by energy, gas and
oil industries. Additional applications such as ionisation radiation sensors are yet
to be investigated.

Finally, the high content of germanium oxide in these speciality fibres to-
gether with the inscription of FBG opens the door for further studies based on non-
linear phenomena, especially for Raman laser applications to overcome the limita-

tions in wavelength coverage from its RE-doped counterparts.
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10.6 Multi-Element Fibre

This section complements the study reported by Saurabh Jain in his PhD thesis and
also has a contribution from Pranabesh Barua in the fabrication of few fibres. The
characterisations reported in this section, the analysis and part of the preforms and
fibre fabrication are contributions from this author.

10.6.1 Introduction

In recent years the growth of Internet users and services requiring the web for
transmitting information has exponentially increased as shown Graph 92. The sys-

tem capacity has grown trying to meet the demand.

4,000,000,000
I |nternet users

3,000,000,000+

2,000,000,000+

Users

1,000,000,000
0 |
© S o N ©
Y Q Q N N
\0) ’19 '19 ’LQ ’LQ
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Graph 92. Internet users around the world®'.

With the constant data capacity demand increasing at a rapid pace due to social
networks, mobile technologies and big-data application, the current capacity based
on SMF is reaching its fundamental limit®'#. Different multiplexing approaches had
been proposed trying to satisfy the demand. Almost all the non-physical multiplex-
ing approaches had been exhausted leaving the space division multiplexing (SDM)

as one of the last resources to cope with the rampant increase in demand.

Within the SDM approach exists three main routes that researcher across the globe

have been following. Perhaps multi-mode fibres are the easiest solution from the
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fabrication perspective. Few-mode fibres supporting 2 or 3 spatial modes are easy

to achieve by conventional fabrication methods.

Nevertheless, challenges such as complex multiple-input and multiple-output
(MIMO) processing required for larger number of modes, and equalisation require-

ments for amplification purposes conflict with the attractiveness of this option.

Multi-core fibres (MCF) have been explored in recent years. The main challenges of
this alternative are the limitations of the outer diameter which is usually restricted
to ~225um. The diameter restriction tends to increase the level of cross-talk be-
tween the cores, forcing to implement more complex preforms designs and there-

fore more expensive and complex fabrication processes.

Selective core designs to minimise the cross-talk also implies that the original pre-
form cannot be the same for all the cores. Different preforms add costs and require
special care on how the cores are assembled to prevent the undesired cross-talk.
Finally, another major problem is the splicing and the connection of MCF’s into
single fibres.

Multi-element fibre (MEF) share the basic principle of the MCF, except for the fact
that the cores do not share the same cladding. In MEF design the fibres come from
individual preforms as shown in Image 63; but, they are drawn simultaneously and

coated together in a wet-on-wet dual coating process.

Image 63. 7-MEF preform shown before preparation for fibre drawing process.

Multi-element fibre does not suffer from cross-talk, and neither requires

sophisticated signal processing nor special equipment for splicing and connection
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into the current systems. Being individual fibres, after coating removal, its imple-

mentation is straightforward.

10.6.2 Experimental results

Seven-element MEF preform was drawn into 80um diameter fibres and character-
ised to investigate the attenuation of the individual fibres. Image 64 shows the
cross-sectional image of the 7-MEF. Table 22 presents the attenuation values meas-
ured by OTDR at 1550nm on a single layer configuration with a rewinding tension
of 10g.

Image 64. Cross-sectional OM image from 80um 7-MEF.

From the attenuation values, the location of each element was estimated with the

premise that the closest the elements the higher the attenuation.

—_—

0.374
0.410
0.483
0.331
0.685
0.381
0.278

N OO v AW DN

Table 22. Attenuation of 7-MEF with 80um fibre diameter.
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A comparative study between 80um single-fibre and 7-MEF with 80um fibre diam-
eter was performed to investigate the effect of the rewinding-tension on the atten-
uation levels of the fibres. Graph 93 shows the relation between the tension and

the attenuation at different wavelengths for the 80um single-fibre.
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Graph 93. Tension-dependent attenuation in 80pum single-fibre
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Graph 94. Wavelength-dependent attenuation in 80um single-fibre.

Graph 94 shows that 80um single fibre presents a strong relation between attenu-

ation levels and rewinding-tension. Graph 95 compares both 80um fibre designs
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and demonstrate the negligible effect on attenuation from the rewinding-tension

in the 7-MEF configuration.
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Graph 95. Tension-dependent attenuation in 7-MEF and 80um single-fibre.

Further fabrication of 60pm 7-MEF was performed. However, due to limited preform
availability, only 3 elements were germanium-doped preforms and 4 elements were
coreless rods. Seven-elements MEF drawn into 60pm diameter fibres was charac-
terised to investigate its attenuation. Image 65 shows the cross-sectional image of
the 7-MEF. Table 23 presents the attenuation values measured by OTDR at 1310nm

on a single layer configuration with a rewinding tension of 10g.

Image 65. Cross-sectional OM image from 60um 7-MEF.
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From the attenuation values, the location of each element was estimated with the

premise that the closest the elements the higher the attenuation

Attenuation [dB-km-

Fibre element o
@ 1310nm
1 0.356
2 0.303
3 0.473

Table 23. Attenuation of 7-MEF with 60um fibre diameter.

Attenuation obtained in the 60um 7-MEF have a similar level than the 80pym 7-MEF
and 80pm single fibre measured at 1310nm. Graph 96 presents a comparative
study between 60pym 7-MEF and different fibres from the same preform drawn into
different diameters and configurations in 7-MEF and single fibres. This comparison
shows that the measured attenuation in 60pm 7-MEF is similar to the other fibres
in the study.
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Graph 96. Attenuation comparison between 60pum 7-MEF and different fibres at
1310nm.
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10.6.3 Fibre degradation with rewinding process.

During the 7-MEF fibres characterisations, it was observed that the attenuation lev-
els increased every time the fibre was transferred from one bobbin to another. By
taking samples in different positions, it was possible to observe that the geometry

of the fibre elements has been modified.

S

Figure 16. The detrimental effect of rewinding process on MEF.

Figure 16 shows a computational modelling using experimental data for the effect
of the compression on the fibre during the rewinding process. The tractor belt
provides the compression on the fibre on the rewinding machine; this pressure
especially affects the MEF design due to the softness of the primary (inner) coating.
The soft coating allows the fibres to be displaced from its original position. When

the elements of the fibre come closer, the attenuation levels increase.
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10.6.4 Conclusions

Multi-element fibre is a practical SDM solution that has the capability to be esca-
lated and be integrated in the current telecommunications infrastructure. Charac-
terisations on 80um 7-MEF do not present evidence of tension-dependent attenua-
tionat 1310, 1550 or 1650nm.

It is imperative to maintain the geometry and separation between elements during
the fabrication process as well as avoid unnecessary handling that can lead to dis-
placements of the fibre elements. Improvements on the rewinding process can be
made to avoid the excessive compression force that deteriorates the fibre charac-

teristics.

Experimental results on 60um 7-MEF reveal similar attenuation level as compared
to 80um single-fibre and 80um 7-MEF at 1310nm. The specific cut-off design on
the preform fabrication can improve the attenuation levels for 1550 and 1650 nm.
This practice of cut-off design is currently used by other SDM approaches such as
MCF’s.
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Chapter 11 Overall Conclusions

The OVD system requires a comprehensive characterisation of the temperatures in
the system. Thermodynamic analysis is fundamental to ensure that the processes
conditions fit for the desired composition. Fabrication parameters for transparent

and bubble free preforms and fibres have been developed for:

e pure silica

e fluorine-doped silica

e germanium-doped silica

e pure germania

e aluminosilicate

e rare-earth aluminosilicate
e phosphosilicate

e rare-earth phosphosilicate

e phosphogermanate silica

It is essential to validate the deposition, dehydration and consolidation parameters
for the desired glass composition. It is expected that novel compositions require a
calibration process. The temperature in the reaction zone and the deposition layers

are the primary parameter to monitor.

OVD deposition system opens the door for a new way of fabricating optical pre-
forms for the photonics industry. In the high power lasers, a direct contribution of
this manufacturing process could be the aluminosilicate and phosphosilicate pas-
sive glass. These types of glass can match the doped-core refractive index and

reduce the amount of high order modes confined to the waveguide.

Active preforms fabricated by OVD offers a more reliable and stable fabrication
process compared to traditional MCVD. Preform repeatability and large volumes of

doped core material can be a turning point for the current laser technologies.

Germanate glass can also be used for high non-linear applications, where the cur-
rent systems depend on the commercially available fibres. However, since the man-
ufacturing of 100% GeO, has been demonstrated, further development of the cur-

rent technologies is expected.
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The Optoelectronics Research Centre has now the manufacturing capability to fab-
ricate its own types of glass in a wide range of compositions for applications rang-
ing from the UV to the IR.

It has been demonstrated that the current technologies face challenges that can be
overcome using the OVD for fabrication of optical preforms. A selection of addi-
tional projects carried out during the research programme showed the limitations
and potential implementation of the OVD technology as a novel route to tackle the

drawbacks of the conventional fabrication processes.
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Chapter 12 Future Work

The following section describes the activities that had been identified as potential
future developments for further research projects or improvement on the pro-

cesses described in this thesis.

The solution doping apparatus can use a vertical setup and a more stable heat
source. The development of the solution doping technique in OVD preforms can

offer an alternative fabrication method for large core preforms.

Optical fibres from germanosilicate glass require further development to improve
the propagation losses in the fibre. The dehydration process requires additional
refinement to lower the OH content in the glass. The contribution towards a joint
technology development with the PK supplier is proposed to overcome current

equipment limitations.

Speciality optical fibres with compositions >50% of GeO, and up to pure germania
glass require investigations on high non-linear optics. Also, it is required to explore
additional applications such as Raman lasers, sensors or components for the pho-

tonics industry.

Aluminosilicate glass preforms doped by solution doping require further develop-
ment to achieve a uniform dopant distribution and minimise defects on the final
glass. The process still requires minor adjustments to prevent preferential deposi-
tions in the layer interfaces. Additional investigations using high-index coating are
required to determine the transmission loss of the aluminosilicate glass. Also, eval-
uation of the laser performance of the optical fibres manufactured by this process
is desired.

Phosphosilicate glass fabricated by OVD require further development and optical
characterisations for loss and performance in laser configuration are part of the

pending activities with this novel glass.

Optimisation of deposition conditions for aluminosilicate and phosphosilicate pre-
forms is required to investigate a novel route to fabricate active preforms by com-
bining the OVD process with a liquid phase deposition of rare earth ions. An addi-
tional benefit of the proposed approach is that it does not require the use of high-
temperature RE delivery lines, as required for MCVD-CDS or gas phase deposition

system.
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Further fabrication of thulium doped fibres is required to extend this study by in-
creasing the concentrations of aluminium and keeping the thulium concentration
fixed. Conversely, a set of fibres is required using a fixed high concentration of

aluminium and varying the concentration of thulium.

The gas phase deposition using a CDS system still requires refinement to incorpo-
rate high dopant concentrations and maintain the geometry of the core. Also, it is
required a comprehensive study on the precursors decomposition mechanism to

reduce the carbon impurities and reduce the losses in the fibre.

Hydrogen diffusion barrier fibres fabricating preforms using 3 or more rings will
be desirable to compare the performance of hydrogen diffusion increasing the
amount of alumina-rich regions. Fabrication of preforms with alternative core com-
positions will be desirable to identify the difference in diffusion changes on differ-
ent glass compositions. Also, investigations in CH, molecular absorption would be

desired to investigate absorption in the 1550nm wavelength region.

Validation of the customisable central depth refractive index profile experiments
using a large core preform made by OVD would be ideal to demonstrate the effect
of preform to fibre ratio and to show the potentiality of the OVD to overcome the

current limitation faced by traditional fabrication processes.

Further experiments in 100% germania fibres using FBG’s inscribed by femtosec-
ond and by UV are desirable for demonstrations of applications in sensing and laser

devices.

Fabrication of multi-element fibre with specific cut-off design can improve the at-
tenuation levels for 1550 and 1650 nm. This practice of cut-off design is currently
used by other SDM approaches such as MCF’s. Also, a research for extending this
investigations in the number of elements and multi-core-multi-element configura-

tion is still not demonstrated.
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Appendix A

A.1 Method of fabricating handles for OVD deposition

Material: 890 mm length of CFQ tube with @ = 20 mm, 2 mm wall thickness, pre-

viously drilled as shown in Figure 17.

e Burner speed = 0.027 [m-min"]

Conditions: The distance between the end of the tube and the end of the setup end
position is required to be 280 mm. Table 24 shows the end position referred from
the desired starting point, which is recommended to be 250 mm on the Heathway

MCVD lathe using absolute values for carriage positions.

Number of Viailstock H; Flow End position
pass [m-min7] [slm]
1 6.33 20 373
2 7.16 19 406
3 8.25 18 453
4 9.72 17 527
5 3.27 16 560

Table 24. Fabrication conditions for OVD handles.
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l20mm
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Figure 17. Schematic of OVD handle.

187



Appendix A

188



Appendix B

Appendix B

B.1 Extended data for SiCl, chemical reactions

B.1.1 Reaction 1:

SiCl, Si 20,
Structures:
cl )
Sl Cl Cl
Cl
Equilibrium constant:
[CL, 1 [Si]
[SiCl,]
B.1.2 Reaction 2:
SiCl, 2H, 4 HCl Si
Structures:
H H F SI
Equilibrium constant:
[HCI1]*[Si]
© o [HPIsiCl)
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B.1.3 Reaction 3:

2SiCl, + 3H,0 + 0, — 4HCl + 2Si0, + 2Cl, + H,0

Total ionic equation:

28iCl, + 3H,0 + O, .+ 4H* + 4Cl- + 28Si0,
Net ionic equation:
2s8iCly + 0, + 2H,0 . 4H* + 4Cl- + 28Si0,

Structures:

Equilibrium constant:

[HCI*[CL, 1 [Si0,]*[H, 0]
[0,][siCl, FF[H,O0F

c
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B.1.4 Reaction 4:

sicl, + 2H,0 + O, — 4HCl + Si0, + O,
Total ionic equation:

L8]

Net ionic equation:
SiCl, + 2H,0 .+ 4H* + 4Cl- + SiO,

Structures:

Si + H H + o=o0 » cl—H + 810, + =0

Equilibrium constant:

[HCIJ*[SiO,]
[siCl,][H,0]?
B.1.5 Reaction 5:
2sicl, + 2H,0 + 0, — 4HCl + 280, + 20,
Total ionic equation:
28iCl, + 2H,0 + 0, — 4H* + 4Cl- + 28i0, + 2dl,
Structures:
cl i
Si : H()H F 0o==0 Cl—H + Siog + Ccl—cl
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Equilibrium constant:

B.1.6 Reaction 6:
Total ionic equation:
Net ionic equation:
Structures:
Cl ot
s H
Cl
Cl
Cl—H

Equilibrium constant:

[HCI*[CL, PP [Si0, 1P

-

[0,][SiCl,F*[H,0F

4HCl + Sio,

4 H*

4 H*

Sio,

4 Cl-

4 Cl-

H H
O

2H,0 + O

[HCI]*[0,]1[Si0,][H,OF

C

B.1.7 Reaction 7:

[H,]*[0,F[sicl,]

Total ionic equation:
SiCl, + 2H,0

Structures:

4 H*
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Cl cl
Equilibrium constant:
[HCIJ*[SiO,]
[siCl,][H,0]?
B.1.8 Reaction 8:
Sicl, + 4H, + 20, — 4HCl + S0, + 2H,0
Total ionic equation:
Structures:
Cl i
Si F H H *+ 0O (e > (Cl H'-Siog: HOH
Cl cl
Equilibrium constant:
K [HCIJ*[Si0,][H,0F
© [H*[0,FP[sicly)

B.1.9 Reaction 9:

SiCly, + 2H, + O 4 HCl + SiO,

(]

Total ionic equation:

Sicl, + 2H, + O

4H* + 4Cl- + SiO,

(%)

Structures:

Si H H O O Cl H - Siog
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Equilibrium constant:

B.1.10 Reaction 10:

Structures:

Equilibrium constant:

[HCIJ*[Si0,]
[H,1*[0,][SiCl,]
0, 2Cl, + SiO,
9] (@) Cl—Cl 5102
[C1,)?[Si0,]
© [0,][sicl,)
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C.1 Thermodynamic calculations for SiCl, chemical reactions

Cl1 Reaction 1

G=H -TS

| AG=AH -TAS |

| AH=X H(prod)-Z Hr(react) |

1 SiCl, + + = 2 Cl, + Si Unbalanced
1 SiCl, + + = 2 Cl, + 1 Si Balanced
1 657 + 0 0 + 0 0 = 2 0 + 1 0  Alldatainki-mol™ @ 298K
-657 0 0 0 0 Subtotal
| 2 Hf(react) = -657 | | ZHfprog) = 0 |
AH = 0 - -657
| au = 657 k-mol” @ 298K |
| AS=5S pr0g-E S react
1 SiCl, + + = 2 Cl, + 1 Si Balanced
1 3308 + 0 + 0 0 = 2 2297 + 1 1883 All datain J-mol™ K™
330.86 0 0 445.94 18.83 Subtotal
[ =Sreacy = 330.86 | | =Spea = 16477 |
AS = 464.77 - 330.86
AS = 133.91 Jmol* K™
|_as = 013301 ki-mol " K* |
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cCl1.2 Reaction 2
G=H -TS
| AG=DH -TAS
| AH:ZHf(prod)'zHf(Reac'()
1 SiCl, + 2 H, + = HCI + Si Unbalanced
1 SiCl, + 2 H, + = HCI + Si Balanced
1 -657 + 2 0 + 0 0 = 4 -92.31 + 0 0 All datain kJ-m0|_1@298K
-657 0 0 -369.24 0 Subtotal
| 2Hf(React) = -657 | | ZHf(prod) = -369.24 |
AH = -369.24 - -657
| = 287.76 ki-mol” @ 298K |
| AS=Es(prod)'ES(React)
1 SiCl, + 2 H, + = HCI + Si Balanced
1 3308 + 2 1307 + O 0 = 4 186902 + O 18.83 All datain J-mol™* K™
330.86 261.4 0 747.608 18.83 Subtotal
| =Spess = 592.26 | [ =Spes = 766.438]
AS = 766.438 - 592.26
AS = 174.178 J-mol ™ K™
[_as = 0174178 J-mol K |
C.13 Reaction 3
| G=H -TS
| AG=AH -TAS
| AH=X Hy(prod)-Z Hi(react)
1 SiCly + 1 H,0 + 1 0, = 4 HCI + 1 Sio, + 1 Cl, + 1 H,0 Unbalanced
03 sicl; + 05 H,0 + 03 0, = 0 HJd + 03 SO, + 05 Cl, + 05 HO Balanced
03 -657 + 05 -241.82 + 03 0 = 0 -9231 + 03 -911 + 05 O  + 0.5 -241.82 Alldatain ki-mol™ @ 298K
-164.25 -120.91 0 0 -227.75 0 -120.91 Subtotal
[ = Hieeacy - -285.16 | [ SHipon = -348.66 |
A = -348.66 -285.16
[ an = -63.5 kJ-mol™ @ 298K |
| AS=2S(prod)"Z S(React)

03 SiCl, + 05 HO0 + 03 0, = HCL  + 03 S0, + 05 C, + 05 HO Balanced
03 33086 + 05 18872 + 03 20507 = O 186902 + 03 42 05 22297 05 18872  AlldatainJ-mol™®K*
82.715 94.36 51.2675 0 105 111.485 94.36 Subtotal
[ =Seacy = 228.3425| [ =Sps = 216.345 |

AS = 216.345 228.3425
AS = -11.9975 Jmol* K™
| as - -0.012 kl-mol K* |
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Cl4 Reaction 4

G=H -TS

AG=AH -TAS

AH=X Hf(prod)‘z Hf( React)

1 SiCl, + 1 H,0 + 1 0, = 4 HCI + 1 SiO, + 1 0, Unbalanced
0.3 SiCl, + 0.5 H,0 + 0.3 0, = 1 HCI + 0.3 SiOo, + 0.3 0, Balanced
03 -657 + 05 -241.82 + 03 0 = 1 -9231 + 03 -911 + 03 0 Alldatainkl-mol™ @ 298K
-164.25 -120.91 0 -92.31 -227.75 0 Subtotal
[ = Hreacy - 2856 [ SHios = -320.06
AH = -320.06 - -285.16
| AH = -34.9 kJ-mol™ @ 298K |
| AS=Zs(prod)'2S(React)
0.3 SiCl, + 0.5 H,0 + 0.3 0, = 1 HCI + 0.3 Sio, + 0.3 0, Balanced
0.3 3308 + 05 18372 + 03 20507 = 1 186.902 + 0.3 42 0.3 205.07 All datain J-mol™ K™
82.715 94.36 51.2675 186.902 10.5 51.2675 Subtotal
|251React. = 228.3425| | Sog) = 248.6695|
AS = 248.6695 - 228.3425
AS = 20.327 J-mol™ K*
[ as - 0.020327 kl-mol ™™ K |
C.15 Reaction 5
| G=H -TS
| AG=AH -TAS
| AH=X Hf(prod)‘z Hf( React)
1 SiCl, + 1 H,0 + 1 0, = 4 HCI + 1 SiO, + 1 Cl, Unbalanced
0.5 SiCl, + 0.5 H,0 + 0.3 0, = 1 HCI + 0.5 SiOo, + 0.5 Cl, Balanced
0.5 -657 + 05 -241.82 + 03 0 = 1 -92.31 + 05 -911 + 05 0 All datain kJ-moIf1 @ 298K
-328.5 -120.91 0 -92.31 -455.5 0 Subtotal
[ £Hrescy = s | [ SHpoo =  -s547.81|
AH = -547.81 - -449.41
[ an = -98.4 kJ-mol™ @ 298K |
| AS=Zs(prod)'2S(React)
0.5 SiCly + 0.5 H,0 + 0.3 0, = 1 HCI + 0.5 SiOo, + 0.5 Cl, Balanced
0.5 3308 + 05 1872 + 03 20507 = 1 186.902 + 0.5 42 0.5 22297 All datain J-mol™ K™
165.43 94.36 51.2675 186.902 21 111.485 Subtotal
|251React. = 311.0575| | SSrog) = 319.387|
AS = 319.387 - 311.0575
AS = 8.3295 J-mol™ K*
[ as = 0.00833 kl-mol ™™ K |
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C.16 Reaction 6
| G=H -TS
| AG=AH -TAS
| AH=XHy(prod)-Z Hi(react)
1 SiCly 2 H, + 1 0, = 4 HCI + 1 SiO, + 1 H,0 + 1 0, Unbalanced
02 Sicl 07 H, + 05 0, =07 HI + 02 S0, + 03 H,0 + 02 O, Balanced
02 -657 07 0 +05 0 =07 -9231 + 02 -911 + 03 -2418 + 02 0 Alldatainkl-mol* @ 298K
-109.5 0 0 6154 -151.833 -80.6067 0 Subtotal
[ =Hieeacn = -1095 | [ SHipoo = -293.98 |
AH = -293.98 -109.5
[ an = -184.48 k)-mol @ 298K |
| AS:ZS(pmdD'ES(Reacti
02  Sicl, 07 H + 05 0, =07 HI + 02 S0, + 03 H,0 + 02 O Balanced
0.2 330.86 07 1307 + 05 20507 = 07 186902 + 02 42 03 18872 + 02 20507  Alldatainl-mol®K?
55.14333 §7.13333 102.535 124.60133 7 62.90667 34.17833 Subtotal
[ =Speacs = 2448117 [ =Spe - 228.6863)
25 = 228.6863 - 244.81167
AS = -16.1253 Jmol™ K™
[ s - -0.01613 ki-mol ™ K* |
Cl17 Reaction 7
G=H -TS
| AG=AH -TAS
| AH=X Hriprod)-Z He(react)
1 SiCly + 1 H,0 + = 4 HCI + 1 Sio, Unbalanced
0.5 SiCl, + 1 H,0 + = 2 HCl + 0.5 SiOo, Balanced
0.5 -657 + 1 -24182 + O 0 = 2 -92.31 + 0.5 -911 Alldatain kJ~m0|71@298K
-328.5 -241.82 0 -184.62 -455.5 Subtotal
| £Hrgeacy - 57032 [ ZHpo =  -6a012|
AH = -640.12 - -570.32
[ an - -69.8 kJ-mol ™ @ 298K |
| AS=z‘4s(prod)'zs(React)
0.5 SiCl, + 1 H,0 + = 2 HCl + 0.5 SiOo, Balanced
05 33086 + 1 18372 + O 0 = 2 186.902 + 0.5 42 AIIdatainJ-moI’l K>1
165.43 188.72 0 373.804 21 Subtotal
| ZS(React) = 354.15 | | ZS(prod) = 394.804 |
AS = 394.804 - 354.15
AS = 40.654 Jmol*K?
| s = 0.040654 kl-mol™ K™ |
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Cc.1.8 Reaction 8
| G=H -TS
| AG=AH -TAS
| AH:EHf(prod)'ZHf(React)
1 SiCl, + 2 H, + 1 0, = 4 HCI + 1 SiO, + 1 H,0 Unbalanced
0.3 SiCly + 1 H, + 0.5 0, = 1 HCI + 03 S0, + 0.5 H,0 Balanced
03 -657 + 1 0 + 05 0 = 1 9231 + 03 -911 + 05 -241.82 Alldatainkl-mol™ @ 298K
-164.25 0 0 -92.31 -227.75 -120.91 Subtotal
[ =Hrrescy = -164.25 [ SHios = -240.97 |
AH = -440.97 - -164.25
[ an = -276.72 kJ-mol™ @ 298K |
| AS=Zs(prod)'2S(React)
0.3 SiCl, + 1 H, + 0.5 0, = 1 HCI + 0.3 SiOo, + 0.5 H,0 Balanced
03 3308 + 1 1307 + 05 20507 = 1 186902 + 03 42 + 05 18872 All datain J-mol™ K™
82.715 130.7 102.535 186.902 10.5 94.36 Subtotal
| ZS(React = 315.95 | | Serog) = 291.762|
AS = 291.762 - 315.95
AS = -24.188 Jmol'K?!
[ as = -0.02419 kJ-mol™ K |
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C.19 Reaction 9

G=H -TS

| AG=AH -TAS

| AH=X Hy(prod)-Z Hf(react)

1 SiCl, + 2 H, + 1 0, = 4 HCI + 1 Sio, Unbalanced
0.5 SiCl, + 1 H, + 0.5 0, = 2 HCI + 0.5 SiOo, Balanced
0.5 -657 + 1 0 + 0.5 0 = 2 -92.31 + 05 -911 Alldataink)-mol™ @ 298K

-3285 0 0 -184.62 -455.5 Subtotal
| ) Hf(React) = -328.5 | | ) Hf(prod) = -640.12 |
AH = 64012 - 3285
| = -311.62 J-mol ™ @ 298K |

| AS=XS(prod)% S(React)

05 sicly + 1 H, + 05 0, = 2 HCl + 05 S0, Balanced
05 3308 + 1 1307 + 05 20507 = 2 186902 + 05 42 All datain J-mol™ K™
165.43 130.7 102.535 373.804 21 Subtotal
[ =Srescy = 398.665 | | =Spoa = 394.804 |
AS = 394.804 - 398.665
AS = -3.861 Jmol™ k™
[ s = -0.00386 kJ-mol™ K |
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C.1.10 Reaction 10

G=H -TS

AG=AH -TAS

AH=X H(prod)-Z Hf(react)

0.5 SiCl, + + 0.5 0, = 2 Cl, + 0.5 SiOo, Unbalanced
0.5 SiCl, + + 0.5 0, = 2 Cl, + 0.5 SiOo, Balanced
05 -657 + O + 05 0 = 2 0 + 05 -911 Alldataink)-mol™ @ 298K
-328.5 0 0 -455.5 Subtotal
| =Hipescr - -328.5 | [ SHipoo = 4555 |
AH = -455.5 - -328.5
| = -127 k-mol ! @ 298K |
| AS=5S pr0E S(geact
05 sicl, + + 05 0, = 2 cl, + 05 S0, Balanced
05 33086 + 0 + 05 20507 = 2 22297 + 05 42 All datain J-mol™* K™
165.43 102.535 445.94 21 Subtotal
| =Seacy - 267.965 | [ =Spos = 466.94 |
AS = 466.94 - 267.965
AS = 198.975 J-mol ™ K™
| = 0198975 J-mol K |
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D.1

2018

2017

List of publications

Shoulin Jiang, Lin Ma, Martin Nunez Velazquez, Zuyuan He and Jayanta Ku-
mar Sahu, Design of 125-um Cladding Diameter Multicore Fibers with High
Core Multiplexing Factor for Wideband Optical Transmission, Journal of
Lightwave Technology, 2018 (Manuscript submitted).

N.J. Ramirez-Martinez, M. Nunez Velazquez, A.A. Umnikov and J.K. Sahu, Ef-
ficient Thulium-doped Fiber Laser Operating in the 1890 - 2080nm Wave-
length Band, Advanced Photonics Congress, Zurich, Switzerland, 201 8.
Shoulin Jiang, Lin Ma, Martin Nunez Velazquez, Zuyuan He and Jayanta Ku-
mar Sahu, Optimized design of 125-um 6-core fiber with large effective area
for wideband optical transmission, Conference on Lasers and Electro-Optics
- Pacific Rim, Hong Kong, 2018.

Halder, Di. Lin, A. A. Umnikov, N.J. Ramirez- Martinez, M. Nunez-Velazquez,
P. Barua, S. Alam and J.K. Sahu, Picosecond Yb-doped alumino-phospho-sili-
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Zurich, Switzerland, 2018.

N.J. Ramirez-Martinez, M. Nunez Velazquez, A.A. Umnikov and J.K. Sahu,
Novel Fabrication Technique for Highly Efficient Tm-doped Fibres, Confer-
ence on Lasers and Electro-Optics, San Jose California, United States, 2018.
Halder, Di. Lin, A. A. Umnikov, N.J. Ramirez- Martinez, M. Nunez-Velazquez,
P. Barua, S. Alam and J.K. Sahu (2018) Yb-doped Large-Mode-Area Al-P-Sili-
cate Laser Fiber fabricated by MCVD, Conference on Lasers and Electro-Op-
tics, San Jose California, United States, 2018

Angeles Camacho, Martin Nunez, Jayanta Sahu, Additive Manufacturing To-
wards Fabrication of the Next Generation of Optical Fibres, SPIE Focus,
Trento ltaly, 2018.
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2016

2015
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J.K. Sahu, M. Beresna, and G. Brambilla, Femtosecond inscription and ther-
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doped optical fibre, Optics Express 25, 32879-32886, 2017.
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Thipparapu, Naresh, Umnikov, Andrey, Barua, Pranabesh, Nufiez Velazquez,
Martin and Sahu, Jayanta, A review on our latest amplifier and laser demon-
strations by Bi-doped fibers At International Training School on Fiber Lasers
& Optical Fiber Technology 2016, Czech Republic. 30 Aug - 01 Sep 2016.
Sahu, Jayanta, Thipparapu, Naresh, Umnikov, Andrey, Barua, Pranabesh and
Nufez Velazquez, Martin, Amplifier and laser demonstrations in Bi-doped
silica optical fibers At International Conference on Fibre Optics and Photon-
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lenges and applications At XXlIst International Krutyn Summer School 2016,
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MOPA seeded by 0.2nm spectrally sliced super luminescent diode At
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2014

CLEO/Europe 2015 - European Conference on Lasers and Electro-Optics, Ger-
many. 21 - 25 Jun 2015.
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(2015) A numerical analysis of a MOCVD process for the growth of GaN nan-
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(doi:10.1117/12.2070425).
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gle mode performance of all-solid large-mode-area single trench fiber Optics
Express, 22, (25), pp. 31078-31091.

Nunez Velazquez, Martin and Lopez, Fernando Juarez (2014) Investigations
into the growth of GaN nanowires by MOCVD using azidotrimethylsilane as
nitrogen source Advanced Materials Research, 875-877, pp. 1483-1489.
(doi:10.4028/www.scientific.net/AMR.875-877.1483).
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List of conferences

Optical fibres for distributed sensors for real-time monitoring for detection
of leakages and mechanical integrity of fuel lines, Innovation Match MX
2016-2017; Ciudad de Mexico, Mexico, May 31st - June 2nd 2017.
Importance and contributions of the Mexican diaspora in Europe for the eco-
nomic growth and technological development, Innovation Match MX2016-
2017; Ciudad de Mexico, Mexico, May 31st - June 2nd 2017.

New Generation of Optical Fibres, XIV Symposium of Mexican Students and
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gen precursor, XI Symposium of Mexican Students and Studies; University of
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